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RNA-binding proteins (RBPs) control all steps of mRNA processing, including pre-mRNA 
splicing, mRNA localization, stability and translation efficiency. Auto- and cross-regulation of 
RBPs is essential for RBP homeostasis and the prevention of pathologies. Consequently, 
deregulation of RBPs is prevalent in diseases, in particular during tumorigenesis. A profound 
understanding of RBP regulation is thus indispensible to open up new approaches in cancer 
therapy. 
HnRNP DL is a ubiquitous RBP that is overexpressed in prostate cancer and chronic myeloid 
leukemia. HnRNP DL was suggested to regulate its own expression in a negative feedback 
loop via usage of a poison exon in its 3’ UTR. In this study, hnRNP DL autoregulation by 
binding to its own pre-mRNA was confirmed and cross-regulation between hnRNP DL and its 
well-studied paralog hnRNP D (AUF1) was demonstrated. Strikingly, hnRNP DL is a crucial 
factor for endothelial cell function, such as migration and angiogenesis. This highlights the 
influence of hnRNP DL, and RBPs in general, on cellular key processes. 
The cellular environment has an influence on the levels of RBPs and their functionality. 
Oxygen starvation (hypoxia) is a common cellular stress. It appears physiologically at high 
altitudes or during embryonic development, but hypoxia is also typical for diseased tissue. In 
particular in solid tumors, the hypoxic microenvironment influences gene expression and 
promotes cancerogenesis leading to poor patient outcomes. The transcriptional response to 
hypoxia is well studied and controlled by hypoxia inducible factor (HIF) proteins. However, 
the posttrancriptional response to hypoxia is still poorly understood. Thus, this study focused 
on hypoxia-driven changes in RBP levels and alternative splicing (AS) in human cancer cells. 
Transcriptome analyses showed correlated gene expression changes in human lung and breast 
cancer cells after chronic hypoxia treatment, but AS changes were highly divergent, 
demonstrating the cell type-specificity of AS. Strikingly, muscleblind-like 2 (MBNL2) was 
specifically induced under hypoxia, while RBPs were predominantly reduced. Subsequent 
transcriptome analyses after MBNL2 depletion showed that MBNL2 controls hypoxia-driven 
AS and the transcript abundance of typical hypoxia-induced genes, such as vascular 
endothelial growth factor (VEGFA). Strikingly, this control is specific for MBNL2 and not 
shared by its paralog MBNL1, showing the importance of MBNL2 for cancer cell adaptation to 
hypoxia. In addition, MBNL2 depletion led to reduced cancer cell proliferation and migration, 




RNA-Bindeproteine (RBPs) regulieren alle Schritte der mRNA Prozessierung. Typisch für RBPs 
ist, dass sie sich selbst (Autoregulation) oder gegenseitig (Crossregulation) regulieren, was 
wichtig für die RBP Homöostase ist. Entsprechend sind RBPs in vielen Krankheitsbildern 
dereguliert, u.a. bei Krebserkrankungen. Das Verständnis der RBP Regulation ist daher 
wichtig, um neue Ansatzpunkte für Therapien zu liefern. 
HnRNP DL ist ein ubiquitäres RBP, welches bei Prostatakrebs und chronischer myeloischer 
Leukämie überexprimiert wird. HnRNP DL reguliert seine eigene Expression durch eine 
negative Rückkopplungsschleife, durch Inklusion eines sogenannten „poison“ Exons. In dieser 
Arbeit wurde die Autoregulation von hnRNP DL durch die direkte Bindung der eigenen prä-
mRNA bestätigt. Außerdem konnte die Crossregulation zwischen hnRNP D und DL gezeigt 
werden. Es ist bemerkenswert, dass hnRNP DL maßgebend für endotheliale Funktionen wie 
Migration und Angiogenese ist. Dies unterstreicht die Rolle von hnRNP DL, und RBPs im 
Allgemeinen, bei wichtigen zellulären Prozessen. 
Sauerstoffmangel (Hypoxie) ist ein häufig auftretender Stressfaktor und tritt in großen Höhen 
oder bei der Embryonalentwicklung auf. Sie spielt aber auch eine Rolle bei vielen 
Krankheiten. Typisch ist Hypoxie für solide Tumore, in welchen sie die Genexpression 
beeinflusst und so schwere Krankheitsverläufe begünstigt. Sogenannte hypoxia inducible factor 
(HIF) Proteine vermitteln die transkriptionelle Antwort auf Hypoxie. Diese ist bereits gut 
untersucht, während über die post-transkriptionelle Regulation unter Hypoxie noch sehr 
wenig bekannt ist. Deshalb beschäftigte sich diese Arbeit mit dem Einfluss von Hypoxie auf 
RBPs und auf das alternative Spleißen (AS). Transkriptomanalysen nach chronischer 
Hypoxiebehandlung zeigten korrelierte Genexpressionsänderungen in humanen Lungen- und 
Brustkrebszellen, AS-Änderungen waren jedoch sehr unterschiedlich. Auffallend war, dass 
Muscleblind-like 2 (MBNL2) spezifisch unter Hypoxie induziert wurde, während andere RBPs 
hauptsächlich reduziert waren. Nachfolgende Transkriptomanalysen nach MBNL2-Knockdown 
zeigten, dass MBNL2 hypoxie-abhängiges AS und die Transkripthäufigkeit typischer hypoxie-
induzierter Gene, wie beispielsweise VEGFA, kontrolliert. Diese Kontrolle ist spezifisch für 
MBNL2 und wird nicht von seinem Paralog MBNL1 ausgeübt, was die Bedeutung von MBNL2 
für die Anpassung von Krebszellen an Hypoxie verdeutlicht. Darüber hinaus führte die 
Reduktion von MBNL2 zu einer reduzierten Krebszell-Proliferation und -Migration, was darauf 





In general, hypoxia is the state of insufficient oxygen supply. Although oxygen is indispensible 
for cell viability, hypoxia plays an important role in many physiological processes. It is 
implicated in embryonic development, wound healing or occurs at high altitudes.1,2,3 
Nevertheless, hypoxia is characteristic for several diseases. Typically, hypoxia is found in 
inflamed tissue, during cardiovascular diseases and it is a hallmark of solid tumors.4,5 
There are five types of tissue hypoxia.6 Characteristic for hypoxemia is a reduced oxygen 
partial pressure in the blood, which is caused at high altitude.7 Anemic hypoxia is typical for a 
reduced level of hemoglobin in the blood, mostly resulting from an iron deficiency. Ischemic 
hypoxia results from a reduced blood circulation. Diffusional hypoxia occurs when diffusion 
distances are increased or when countercurrents in vessels inhibit the correct diffusion. Cells 
can also lose their ability to use oxygen by intoxication for example by cyanides. This 
condition is called cytotoxic hypoxia.6 
Blood vessels are important for the distribution of oxygen and metabolites. Endothelial cells 
form the inner lining of blood vessels and are therefore the first instance affected by 
hypoxemic, anemic and ischemic hypoxia.8,9 In endothelial cells, hypoxia strongly influences 
gene expression. Hypoxia triggers gene expression programs promoting proliferation, 
migration and angiogenesis.8 In hypoxic tumors these gene expression programs are activated 
as well, promoting tumor growth and metastasis.62 
 
3.1.1 Transcriptional regulation under hypoxia 
The transcriptional response to hypoxia is orchestrated by the family of hypoxia-inducible 
factors (HIFs).10,11 The heterodimeric HIF complex consists of a HIF-α and a HIF-β subunit. 
There are three HIF-α subtypes: HIF-1α, HIF-2α (also endothelial PAS domain protein 1; 
EPAS1) and HIF-3α.12,13 HIF-1α is constitutively synthesized and present in the cytosol.14 
Under normoxic conditions HIF-1α, is hydroxylated at conserved proline residues by prolyl 
hydroxylases (PHD1-3). Subsequently, HIF-1α is bound by the von Hippel-Lindau tumor 
suppressor protein (VHL protein) and degraded via the proteasome. Under hypoxic 
conditions, these prolyl hydroxylases are inhibited and HIF-1α dimerizes with HIF-1β (also 
aryl hydrocarbon receptor nuclear translocator; ARNT), which is constitutively active in the 
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nucleus. The dimer diffuses into the nucleus and activates transcription of various target 
genes by binding hypoxia responsive elements (HREs; Figure 3-1).15 Well-studied HIF targets 
are for example lactate dehydrogenase (LDHA), erythropoietin (EPO) or vascular endothelial 
growth factor A (VEGFA).16,17,18 HIF-2α and HIF-3α are regulated in the same way as HIF-1α. 
HIF-1α mediates acute responses while HIF-2α is accumulated, promoting a prolonged 
hypoxic gene activation.19 Thus, HIF-1α and HIF-2α play different roles in the adaptation to 
acute or chronic hypoxia.19 The exact role of HIF-3α in hypoxia adaptation is still under 
investigation. Interestingly, HIF-3α seems to inhibit HIF-1α and HIF-2α activities.20 
 
Figure 3-1: HIF transcriptional regulation pathway. (A) Under normoxia HIF-1α is hydroxylated and 
degraded. (B) Under hypoxia HIF-1α accumulates and dimerizes with HIF-1β. Growth factor 
stimulation or mutations of the VHL protein can also lead to HIF-1α accumulation. The HIF 
complex activates the transcription of target genes implicated in glycolysis, pH regulation, 
angiogenesis and proliferation. Figure from 15. 
 
3.1.2 Posttranscriptional regulation under hypoxia 
In addition to the transcriptional response, hypoxia impacts on posttranscriptional regulation 
by modulating alternative splicing (AS; see below), translation efficiency and mRNA stability. 
This control is often exerted by RNA binding proteins (RBPs). In general, increased mRNA 
stability results from a decreased mRNA decay rate. Translational efficiency can be altered by 
influencing the number of ribosomes loaded onto the mRNA, but also by influencing 
polypeptide synthesis and release. For example, the expression of HIF-1α itself is controlled 
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via mRNA stability21,22 as well as translation efficiency.23,24 Human antigen R (HuR) is 
interacting with the HIF-1α 3’ UTR, increasing mRNA stability.25 Additionally, HuR binding in 
the HIF-1α 5’ UTR promotes translation.21,26 Further, polypyrimidine tract binding protein 
(PTB), which is also called heterogenous nuclear ribonucleoprotein I (hnRNP I), is interacting 
with the HIF-1α 5’ UTR increasing translation efficiency.27 It is likely that HuR and PTB 
cooperatively promote HIF-1α translation by binding at different binding sites.26 
Another example of a gene exposed to strong posttranscriptional regulation under hypoxia is 
VEGFA. VEGF-A protein is an important regulator under hypoxia since it is a driving force in 
angiogenesis. Under hypoxia VEGFA expression is induced leading to neoangiogenesis, 
enhancing proliferation and cell migration.28 VEGFA is transcriptionally upregulated by      
HIF-1α. At the posttranscriptional level, the VEGFA 3’ UTR is stabilized by both, HuR and 
PTB.29,30 In addition, hnRNP L stabilizes VEGFA mRNA under hypoxic conditions by displacing 
several miRNAs.31 
From a wider perspective, hypoxia is often accompanied by hypoglycemia since the decreased 
blood flow during ischemia impairs the delivery of both, oxygen and sugar. The mRNAs of 
several HIF target genes are stabilized by combined oxygen and sugar deprivation.22  Besides 
oxygen and sugar, also ATP availability is limited under hypoxia leading to a reduction of 
canonical protein synthesis. In order to maintain synthesis of proteins needed for hypoxia 
adaptation alternative translation pathways are activated under hypoxia.23 There are various 
mechanisms for mRNA selection and subsequent translation: 1) Upstream open reading 
frames (uORFs) lie within the 5’ UTR and are cis-regulatory components, which recruit 
proteins or ribosomes to promote translation of the main open reading frame (mORF) only 
under stress conditions.32,33 2) Internal ribosome entry sites (IRESs) are sequences or 
structures in the 5’ UTR that recruit ribosomes independent of the cap-binding translation 
initiation machinery.34 3) RNA hypoxia response elements (rHREs) are recognized by the 
hypoxic translation machinery promoting translation.35 HIF proteins are well known for their 
transcriptional activation of target genes, but they can also be part of the hypoxic translation 
machinery and control translation pathways selective for hypoxia adaptation genes.23 
4) Selective partitioning of mRNAs to the endoplasmic reticulum (ER) accelerates translation 
and thus, proteomic hypoxia adaptation.36 Strikingly, ribosome profiling in human primary 
hepatocytes revealed that regulation at the translational level is even faster than regulation at 
the transcriptional level under hypoxia.37  
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Moreover, non-coding RNAs play a role in posttranscriptional regulation under hypoxia. The 
regulatory role of circRNAs (circular RNAs), lncRNAs (long non-coding RNAs) and miRNAs 
(microRNAs) has been discovered just recently and is an emerging field of science.38,39 
The biogenesis of circRNAs differs from the canonical splicing of linear RNAs. CircRNAs are 
covalently closed loops, which result from back-splicing.40 CircRNAs do not have 5’ to 
3’ polarity and thus, do not contain a 5’ cap or a polyadenylated tail. For that reason, 
circRNAs have long remained beneath the radar since transcriptome analyses focused on 
approaches involving poly(A) selection.40 CircRNAs were previously thought to act as miRNA 
sponges, but recently it has been discovered that they fulfill diverse biological functions. 
CircRNA cZNF292, for example, is induced under hypoxia and is implicated in angiogenesis.41 
Further, circDENND4C is HIF-1α-activated and has been shown to promote breast cancer cell 
proliferation under hypoxic conditions.42 
LncRNAs can be transcribed from intergenic as well as intragenic regions and are longer than 
200 nt.43 LncRNAs were previously regarded as “junk transcripts”, but nowadays it is clear 
that lncRNAs fulfill diverse biological functions.43,44 Often lncRNAs control gene regulation by 
remodeling chromatin structure and thus, the accessibility of genes.45 Many lncRNAs are 
induced by hypoxia such as lncRNA LET, RoR, AK058003 or MALAT1, influencing 
posttranscriptional gene regulation.46,47,48,49,50 MALAT1, for example, is regulating SR protein 
phosphorylation and as a result, SR protein activity and SR protein-mediated AS.51 
Furthermore, deregulation of lncRNAs also promotes diseases. For example, lncRNA MALAT-1 
was found to promote the onset of various cancers like colorectal, bladder or lung cancer and 
further facilitates tumor growth and metastasis.52,53,54  
MiRNAs are the product of a multistep maturation process. Firstly, miRNAs are transcribed as 
long transcripts containing a hairpin loop (pri-miRNA). In the next step these pri-miRNAs are 
processed by Drosha into pre-miRNAs.55 Alternatively, pre-miRNAs can be formed over the 
miRtron pathway without processing by Drosha.56 The resulting pre-miRNAs are exported to 
the cytoplasm, where Dicer converts them into double stranded and approximately 22 nt long 
miRNA/miRNA* complexes. These complexes include the mature miRNA and a 
complementary strand, which is usually degraded.57 In general, miRNAs can bind 
complementary sequences in 3’ UTRs, sometimes blocking specific binding sites for RBPs. 
Usually, miRNA binding leads to destabilization of the mRNA and subsequently to its 
degradation. HypoxamiRs are miRNAs induced in response to hypoxia. One of the best-
studied examples for a hypoxamiR is miRNA-210 (in short miR-210).58,59,60 MiR-210 inhibits 
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receptor tyrosine kinase ligand ephrin-A3 and modulates endothelial cell response to hypoxia 
by enhancing VEGF-induced chemotaxis.58 The VEGFA 3’ UTR further contains a so-called CA-
rich element (CARE), which is bound by several miRNAs.61 MiRNAs miR-297, miR-299, miR-
567 and miR-609 can bind to the CARE leading to mRNA degradation under normoxia. Under 
hypoxia these miRNAs are displaced by hnRNP L leading to an increase in VEGFA mRNA 
levels.61 
 
3.1.3 Hypoxia and cancer 
In solid tumors, hypoxia is the result of rapidly proliferating cells, which outgrow the vascular 
system.62 Typically tumors exhibit varying oxygen pressures ranging from approximately 
5% O2 in external cells, which are still connected to the blood supply, to total anoxia (0% O2), 
in parts that are located distal of the blood supply and mostly show necrotic properties.62,63 
These hypoxic regions often show resistance towards chemotherapies since they are not 
accessible for drugs.63,64 For efficient radiotherapy free radicals from oxygen are needed to 
destroy targeted cells, making hypoxic cells also resistant to radiotherapy.64 Hypoxia further 
inhibits the T cell-mediated immune response, increasing the immunoresistance of the 
tumor.65 Thus, hypoxia is typical for persistent tumors, implicating a poor diagnosis for 
patients.  
In cancer therapy, currently there are mainly two approaches to kill hypoxic cells: 
Bioreductive prodrugs that are activated only under hypoxia, and inhibitors, that target 
specific proteins in hypoxic cells. Both approaches underlie the assumption that drugs are still 
transported to the hypoxic cells in contempt of the disorganization of the vascular network in 
tumors. Proteins that are already targeted in cancer therapies mostly belong to the HIF, UPR 
(unfolded protein response) and to a lesser extent the mTOR (mechanistic target of 
rapamycin kinase) pathway.66 The HIF target VEGFA, with its pro-angiogenic properties, has 
been identified as potential therapeutic target in hypoxic tumors as well.67  
 
3.2 Pre-mRNA splicing 
Splicing is a crucial step in the process of gene expression. At first, a precursor mRNA (pre-
mRNA) is transcribed from the genomic DNA. This pre-mRNA contains exonic and intronic 
sequences. During splicing the introns are removed giving rise to the mature mRNA.68 A 
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multiprotein complex called the spliceosome catalyzes the complete process of splicing. 
GURAGU motifs indicate the 5’ splice sites (5’ SS) within the introns. The 3’ SS contains a 
polypyrimidine tract and a terminal YAG motif at the end. Further, introns contain a branch 
point sequence with an invariant adenosine 18-40 nt upstream of the 3’ SS. All three sites 
together serve as recognition sites for the splicing machinery. The splicing reaction includes 
two transesterifications (Figure 3-2). In the first step the 5’ end of the intron is ligated with 
the branch point adenosine through a nucleophilic attack of the 2’ OH group on the 5’ SS. In a 
second step the free 3’ OH of the 5’ SS reacts with the phosphate of the 3’ SS, whereby the 
exons are connected and the intron is removed in a lariat structure.69,70 
           
Figure 3-2: Pre-mRNA splicing. The splicing reaction is carried out in two subsequent 
transesterifications as described in the text. Modified figure from 69. 
Essential components of the U2-dependent spliceosome are the five small nuclear 
ribonucleoproteins (snRNPs): U1, U2, U4, U5 and U6. Each snRNP contains a uridine-rich 
snRNA, a set of seven (L)Sm proteins and numerous snRNP specific proteins.71,72 The splicing 
process is highly dynamic. Thus, the spliceosome configures its conformation several times 
during the whole process. If the spliced intron does not exceed 200-250 nt, the spliceosome is 
directly constituted across the intron. However, if it exceeds a size of 200-250 nt, which is the 
case in most higher eukaryotes, the spliceosomal complex is formed across an exon. These 
processes are called intron or exon definition, respectively.73 During intron definition the U1 
snRNP is recruited to the 5’ SS. The splicing factors SF1/mBBP and U2 auxiliary factor (U2AF) 
recognize the branch site, the polypyrimidine tract and the 3’ SS, respectively. In the next step 
U2 snRNP binds the branch point, building complex A. By attaching the pre-assembled 
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U4/U5/U6 tri-snRNP, the precatalytic complex B is created. The following RNA-RNA as well 
as RNA-protein interactions lead to destabilization of the snRNPs U1 and U4 and to the 
activation of the spliceosome, which then catalyzes the first splicing step. The catalysis gives 
rise to complex C, which completes the splicing process by exerting the second catalytic step. 
Afterwards, the spliceosome is disassembled and the involved snRNPs are available for further 
catalyses.68 During exon definition the U1 snRNP binds the 5’ SS downstream of the exon and 
recruits U2AF to the polypyrimidine tract of the 3’ SS. The U2 snRNP is recruited to the 
branch point upstream of the exon. This complex is stabilized by serine and arginine-rich (SR) 
proteins, which bind exonic splicing enhancer (ESE) elements within the exon. Subsequently, 
the complex shifts from the exon definition complex to the cross-intron complex to catalyze 
splicing. However, this shifting process is not yet fully understood.68  
 
3.2.1 Alternative splicing 
Alternative splicing (AS) enables the generation of multiple mRNA isoforms from just one 
gene. AS occurs in approximately 95% of all human, multiexonic genes and thus, increases 
mRNA and finally protein diversity enormously.74 AS is important for tissue-specific gene 
expression and enables the implementation of different gene expression programs in different 
cell types.75 These gene expression programs can be activated also by spontaneous stimuli 
from the environment, e.g. hypoxia or pH conditions. Here, AS can act as a switch, activating 
regulatory pathways, which sustain cell survival.76 AS is also evolutionarily relevant. 
Vertebrates show a higher amount of AS than invertebrates, indicating that the amount of AS 
can be a measure of organismal complexity.76  Strikingly, AS can lead to significant differences 
in protein function.77 Accordingly, deregulated AS promotes pathogenesis.78 
There are different types of AS (Figure 3-3). The most common AS event in mammals is exon 
skipping. There, a so-called cassette exon is either included in the mature mRNA or excluded. 
In some cases two neighboring cassette exons can be mutually exclusive. Thereby either the 
first or the second exon can be included in the mature mRNA. AS can also lead to the 




Figure 3-3: Different types of AS. CE = cassette exon, MXE = mutually exclusive exon, A5SS = 
alternative 5’ splice site, A3SS = alternative 3’ splice site, RI = retained intron. 
The splicing decision is mediated by splicing factors. Not only the core spliceosome, but also 
regulatory RBPs, mainly SR proteins and hnRNPs, modulate splicing. SR proteins and hnRNPs 
bind to splicing regulatory elements (SREs). Exonic and intronic splicing enhancers (ESEs and 
ISEs) enhance splicing, while exonic and intronic splicing silencers (ESSs and ISSs) inhibit 
splicing.80,81,82 SR proteins and hnRNPs are involved in constitutive, but also in alternative 
splicing and are described in chapter 3.3 in more detail.81,82 
 
3.2.2 Alternative splicing coupled to NMD 
Besides increase in protein diversity, AS can also be used to control protein levels. Here, the 
mechanism of nonsense-mediated decay (NMD) can be used to degrade the resulting mRNA.83 
NMD is an mRNA quality control mechanism, which leads to the degradation of mRNAs 
containing a premature termination codon (PTC; Figure 3-4). A PTC is a stop codon that is 
located more than 50-55 nt upstream of an exon-junction complex (EJC), which is present at 
the mRNA after splicing. PTCs can be introduced to the mRNA by mutations that occur during 
transcription or by errors during mRNA processing.84 In addition, the natural stop codon of a 
transcript can also be used as PTC, when a cassette exon from the 3’ UTR is included in the 
mRNA. Coupling of AS to NMD is called AS-NMD and is used to regulate protein amount at 






Figure 3-4: Nonsense-mediated decay mechanism. (A) Normal translation with termination signal 
(STOP in figure) in last exon. (B) The premature termination codon (PTC; STOP in figure) leads 
to degradation of the mRNA trough NMD. Figure by K. Kemmerer.     
Originally, it was assumed that about one third of all human genes are regulated by            
AS-NMD86, but this assumption was not confirmed by up-frameshift (UPF) protein 1 
knockdown studies.87,88 UPF proteins are the core component of the NMD machinery and 
participate in the decision whether an mRNA is degraded or translated.85 Nowadays it is clear 
that NMD regulates the level of approximately 10% of human mRNAs.89 Nevertheless, AS-
NMD plays an important role in the autoregulation of many SR proteins and hnRNPs.90,91 
Thereby, AS-NMD contributes to the homeostasis of these splicing factors and their regulation 
in negative feedback loops.92 Examples for splicing factors that are regulated by AS-NMD are: 
SRSF1093, SRSF394, neural hnRNP I (also called polypyrimidine tract binding protein 2; PTBP2 
or nPTB)95 or hnRNP D96. HnRNP D regulates its own expression in a negative feedback loop 
through inclusion of an exon in its 3’ UTR to the mRNA (see also chapter 3.3.1).97 This exon is 
referred to as poison exon since its inclusion leads to degradation of the mRNA through NMD. 
Sometimes the AS-NMD mechanism is also used for the cross-regulation between protein 
paralogs, as it is known for PTB (hnRNP I) and nPTB (neural hnRNP I)98, hnRNP L and 
hnRNP LL99 and shown here, in this study, for hnRNP D and hnRNP DL. 
 
3.2.3 Alternative splicing and cancer 
Aberrant AS is involved in the pathogenesis and progression of various diseases including 
cancer.100,101 Mostly, mutations of the splice sites lead to splicing inhibition and exclusion of 
the adjacent exon. Changes in highly conserved regions usually cause severe mutations like 
frameshifts leading to truncated proteins or the inclusion of PTCs leading to mRNA 
degradation via NMD and depletion of the corresponding protein.102,103 For example, the 
mutation of AA to AG within the BRCA1 gene creates a cryptic 3’ SS and is a known molecular 
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marker for breast cancer.104,105 The mutation leads to the additional inclusion of eleven 
nucleotides and subsequently to translation of a truncated protein.104 Another example is the 
tumor suppressor phosphatase and tensin homolog deleted on chromosome TEN (PTEN), 
which is often mutated in cancer.106,107 In breast cancer, it was found that PTEN different 
segments from intron 3 and 5 can be retained in the mRNA creating PTCs and leading to 
pathogenesis.108 
Deregulated expression of RNA-binding proteins (RBPs, see also 3.3) can also cause aberrant 
splicing. For example, overexpression of hnRNP M is promoting breast cancer metastasis by 
activating AS programs favoring epithelial-mesenchymal transition (EMT).109 
Another example how AS contributes to cancer progression is VEGFA. The functions of VEGF-
A proteins are modulated by AS, which in turn is determined by splicing factor levels. VEGF-A 
is an important regulator of angiogenesis during tumor hypoxia and has several protein 
isoforms, which differ in their C-terminal domains.110 All pro-angiogenic isoforms are referred 
to as VEGF-Axxx, while anti-angiogenic isoforms are called VEGF-Axxxb, with xxx being the 
number of the amino acids in the mature protein. The different isoforms are generated by 
mutually exclusive splicing of VEGFA exon 8a and 8b. Each isoform binds the vascular 
endothelial growth factor receptor 2 but only VEGF-Axxx can activate it. The splicing decision, 
whether the 5’ SS of exon 8a or exon 8b is used, is governed by the splicing factors SRSF1 and 
SRSF6. SRSF1 favors inclusion of exon 8a, while SRSF6 promotes the inclusion of exon 8b.111 
Thus, deregulation of SRSF1 or SRSF6 risks the balance between VEGF-A isoforms and might 
promote tumor angiogenesis. 
Besides cancer, aberrant AS was also found to drive Parkinson’s disease, cystic fibrosis, 
retinitis pigmentosa, spinal muscular atrophy and myotonic dystrophy, to name only few 
examples.112,113 
Moreover, aberrant AS is already therapeutically exploited.114 Hereby, either the splicing 
machinery, RBPs or splice sites themself are targeted.115 Splice-switching oligonucleotides 
(SSOs) interfere with cis-elements at the mRNA and thus with the trans-acting factors, 
modulating the targeted splicing event.116 SSOs are already approved by the US Food and 





3.3 RNA-binding proteins 
RNA-binding proteins (RBPs) can be divided into several subclasses, depending on which 
RNAs they bind to: mRNAs, (pre-)rRNAs, tRNAs, snRNAs (small nuclear RNAs), snoRNAs 
(small nucleolar RNAs) or other ncRNAs (non-coding RNAs).119 This study focuses mainly on 
mRNA-binding proteins, which represent almost 45% of all known human RBPs (Figure 3-5). 
Therefore, in this work, the term RBPs refers to mRNA-binding proteins. 
 
Figure 3-5: Absolute and relative numbers of RBPs in different subclasses. MRNA-binding proteins 
represent the biggest group of RBPs. Modified figure from 119. 
As already mentioned, RBPs are key players for splicing regulation. RBPs show intensive 
interplay between one another since target mRNAs are usually bound by multiple RBPs 
simultaneously. Besides splicing regulation, RBPs are also implicated in mRNA localization, 
modification, polyadenylation, stability and translation regulation (Figure 3-6).120,121  
 
Figure 3-6: RBP functions. RBPs contain RNA-binding domains. Binding of RNA influences RNA 
processing, modification, stability, translation as well as localization. Figure from 120. 
RBP subclasses can further be divided into RBP families with similar features.121 Highly 
important for splicing regulation are the families of SR proteins and hnRNPs. 
The SR protein family consists of 12 members: SRSF1-12. All SR proteins contain one or two 
RNA recognition motifs (RRMs) at their N-terminus and a C-terminus with several serine and 
arginine dipeptide repeats.122,123  
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HnRNPs are named alphabetically from hnRNP A1 to hnRNP U.124 The hnRNPs have divers 
structural components increasing their functional diversity. HnRNPs can contain RRMs, quasi-
RRMs (qRRM), K-Homology domains (KH) or RGG boxes as well as glycine, proline or acidic 
rich domains (Figure 3-7).124 Many hnRNPs have paralogs, which share 20-70% of their 
sequence and have redundant or supplementary functions.119 Usually, hnRNPs contain a 
nuclear localization signal (NLS) and are present in the nucleus, but many hnRNPs are also 
able to shuttle from the nucleus to the cytoplasm, upon stimulation or by recruitment by other 
RBPs.125  
 
Figure 3-7: Selected members of the hnRNP family. HnRNPs show unique, but also shared structural 
components. HnRNP molecular weights range from 34 to 120 kDa (sizes are drawn relative to 
each other). Figure from 124. 
Besides SR proteins and hnRNPs, also Nova, FOX, TIA, CUGBP and MBNL proteins are 
involved in splicing.126,127,128 As already mentioned in chapter 3.2.2, cross-regulation between 
RBPs is very common. Splicing regulation is a highly orchestrated process and it is never 
governed by just one RBP. The combined action of RBPs is essential for fine tuning 
posttranscriptional regulation.129 Sometimes RBPs act as antagonists such as MBNL proteins 
and CUGBPs during myotonic dystrophy.130 In addition, RBPs also compete with miRNAs as 
described in chapter 3.1.2 for the VEGFA mRNA.131  
 
3.3.1 Heterogenous nuclear ribonucleoprotein D-like 
Heterogenous nuclear ribonucleoprotein D-like (hnRNP DL or JKTBP1) belongs to the family 
of hnRNPs. HnRNP DL is the paralog of hnRNP D, also known as AUF1 (AU-rich element 
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RNA-binding protein 1). HnRNP D and DL are ubiquitously expressed and show a closely 
related gene organization with two RRMs at the N-terminus 132 and a glycine- and tyrosine-
rich domain at the C-terminus.133 HnRNP D is known to destabilize its target mRNAs 
containing AU-rich elements (AREs) in their 3’ UTR.134 Like hnRNP D, also hnRNP DL seems 
to bind AREs.135 
To this day, there is only one confirmed hnRNP DL target, which is the NF-κB-repressing 
factor (NKRF) mRNA.136 NKRF is a transcription factor, which represses the transcription of 
cytokines, interferon β (IFN- β), interleukin-8 (IL-8) and inducible nitric oxide synthase 
(iNOS).137,138,139 Here, hnRNP DL functions as enhancer of IRES (internal ribosome entry site)-
dependent translation. In addition, hnRNP DL stabilizes the NKRF mRNA by binding the 
3’ UTR.140 HnRNP DL also binds an exonic silencing sequence (ESS) containing the sequence 
5’-AUAGUA-3’ within the human papillomavirus type 16 (HPV-16) mRNA. HPV-16 is the most 
common type of papillomavirus in the human population and increases cancer risk.141 There, 
binding of hnRNP DL leads to blocking of a 5’ SS. Subsequently, the L1 late gene mRNA is 
reduced. This might help HPV to evade the immune system and remain in the host, increasing 
cancer risk. HnRNP DL also plays a role in the transcriptional regulation of muscle 
differentiation in mice.142 Mouse and human hnRNP DL differ only by one aa within the GY-
rich region.143 In myoblasts ZBP-89 and YY-1 repress the transcription of COX Vb (cytochrome 
C oxidase Vb). In myotubes a 10-fold induction of hnRNP DL leads to activation of COX Vb 
expression.142 
HnRNP D and DL are mainly located in the nucleus. However, both can also shuttle to the 
cytoplasm.144,145 Interestingly, both, hnRNP D and DL contain an alternatively spliced cassette 
exon in their 3’ UTRs: exon 9 and exon 8, respectively. Inclusion of these exons turns the 
natural termination codon into a PTC. Consequently, hnRNP D and DL undergo AS-NMD and 
afflicted mRNAs are degraded through NMD.  
HnRNP DL exon 8 is ultraconserved (uc. 144 in UCbase 2.0 ultraconserved sequences 
database146; Figure 3-8 A).97 Previous works from K. Kemmerer (Weigand group), performed 
prior to this study, have confirmed the NMD-sensitivity of hnRNP DL mRNAs containing 
exon 8.147 Treatment with the translation blocker puromycin led to increased inclusion of 
exon 8 into the hnRNP DL mRNA (Figure 3-8 B). In addition, a UPF1 knockdown was 
performed. UPF1 is an important component of the NMD machinery. Knockdown of UPF1 led 
to enrichment of the hnRNP DL isoform containing exon 8, while the mRNA level of the exon 
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skipping isoform was not influenced (Figure 3-8 C), confirming the NMD-sensitivity of the 
hnRNP DL isoform containing exon 8 (NMD isoform). 
 
 
Figure 3-8: The 3’ UTR of hnRNP DL contains an alternatively spliced, NMD-sensitive exon. 
(A) hnRNP DL exon 8 is ultraconserved. (B) Treatment with puromycin leads to increased 
inclusion of hnRNP DL exon 8 into the mRNA. (C) UPF1 knockdown leads to increased mRNA 
level of the hnRNP DL isoform containing exon 8, while the mRNA level of the exon 8 skipping 
isoform is not changed. Figure from 97. 
Further, K. Kemmerer demonstrated that hnRNP DL undergoes an autoregulatory feedback 
loop by controlling inclusion of exon 8 into its own mRNA.97,147 For that purpose, a luciferase 
minigene system containing the luciferase gene and the hnRNP DL 3’ UTR in a dual luciferase 
vector was established (Figure 3-9 A).97,147,148 After transfection of the minigene construct and 
transient overexpression of hnRNP DL in HeLa cells the mRNA level of the NMD isoform was 
increased, while the mRNA level of the exon skipping isoform was decreased (Figure 3-9 B 
and C). Overexpression of GFP as a control, did not influence hnRNP DL mRNA splicing 
(Figure 3-9 B and C). Additionally, luciferase activity was dramatically reduced, when 






Figure 3-9: HnRNP DL autoregulation in a luciferase minigene system. (A) The complete hnRNP DL 
3’ UTR containing exon 8 (blue) was cloned downstream of the luciferase gene. Arrows indicate 
oligonucleotide positions for further studies. (B) Overexpression of GFP or hnRNP DL. (C) RT-
PCR showing different hnRNP DL splicing patterns after overexpression of GFP or hnRNP DL. 
(D) Luciferase reporter gene assay showing reduced luciferase activity after overexpression of 
hnRNP DL. Figure from 97. 
K. Kemmerer also established stable HeLa cell lines overexpressing GFP or a GFP-hnRNP DL-
fusion protein (GFP-DL).97,147 The HeLa cell line overexpressing GFP-DL showed a reduced 
endogenous hnRNP DL protein level (Figure 3-10 A). In addition, mRNA levels of the 
hnRNP DL isoforms are also affected by GFP-DL overexpression. The mRNA level of the exon 
skipping isoform is reduced, while the mRNA level of the NMD isoform is increased leading to 
mRNA degradation and proving the hnRNP DL autoregulation (Figure 3-10 B). 
 
Figure 3-10: HnRNP DL autoregulatory feedback loop. (A) Endogenous hnRNP DL protein level is 
reduced after GFP-DL overexpression. (B) MRNA level of the exon 8 containing isoform is 
increased and mRNA level of the exon 8 skipping isoform is decreased after GFP-DL 
overexpression. Figure from 97. 
Cross-regulation between RBP paralogs is common as described earlier. A potential cross-
regulation between hnRNP DL and its paralog hnRNP D was part of this study and is 
described in chapter 4.1.2. 
An exon array in HUVEC after CoCl2 treatment as hypoxia mimic showed increased inclusion 
of hnRNP DL exon 8.149 Previous works from K. Kemmerer confirmed these findings also 
under hypoxic conditions (1% O2).150 The increased inclusion of exon 8 under hypoxic 
conditions led to reduced hnRNP DL mRNA and protein levels.147 
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3.3.1.1 HnRNP DL and disease 
Deregulation of hnRNP DL is associated with cancer and other diseases. Overexpression of 
hnRNP DL is found in prostate cancer.151,152 Here, hnRNP DL promotes proliferation and thus 
cancer progression through activation of epidermal growth factor receptor (EGFR).152 Further, 
hnRNP DL is overexpressed in chronic myeloid leukemia contributing to increased cell 
proliferation.153,154 Recently, deregulation of hnRNP DL was identified as risk factor for the 
progression of endometrial cancer.155 Here, hnRNP DL seems to regulate AS events, which 
affect endometrial cancer prognosis.155  Further, a defect of hnRNP DL causes limb-girdle 
muscular dystrophy 1G (LGMD1G).156 LGMD is a hereditary muscle disease leading to 
paralysis of the musculature of the shoulder and the pelvic girdle. Genome sequencing of 
three patients showed that two point mutations in the same codon are responsible for the 
hnRNP DL defect. Both cases are missense mutations, where aspartate is either changed to 
asparagine (D378N) or histidine (D378H).156  
 
3.3.2 Muscleblind-like protein 2 
The family of muscleblind-like proteins (MBNLs) consists of the three paralogs MBNL1, 
MBNL2 and MBNL3. All three paralogs contain two conserved zinc finger domains (Figure 
3-11), which bind clustered 5’-YGCY-3’ motifs in pre-mRNAs leading to alternative splicing 
regulation.157,158,159 The binding location of MBNL proteins determines whether they activate 
or repress mRNA alternative splicing. Binding of MBNLs downstream of an exon facilitates 
inclusion of this exon while binding of MBNLs within or upstream of an exon leads to exon 
exclusion.160 This splicing regulation pattern is also common to other splicing factors like 
hnRNP L or NOVA.161 The binding efficiency depends on the RNAs structural context.162 More 
recently, MBNL proteins were also found to be implicated in mRNA localization163 as well as 
stability regulation164,165, translation regulation166, alternative polyadenylation167 and miRNA 
biogenesis.168 MBNL1 and MBNL2 are ubiquitously expressed, while expression of MBNL3 is 
restricted to the placenta.169 MBNL proteins are often functionally redundant but they have 




Figure 3-11: Schematic representation of MBNL transcripts. The zinc finger domains (ZnF) encoded 
by exon 1/2 and exon 3/4, respectively, are shown in orange and violet. MBNL, CELF (CUGBP) 
and miRNA binding sites are indicated. Alternatively spliced exons (e) are: e1, e3, e5, e7 and e8. 
e1 to e4 encode the RNA binding domain, e5 encodes the NLS and e7 and e8 encode the 
regulatory domain. Modified figure from 171.  
Interestingly, all three paralogs undergo auto- and cross-regulatory loops influencing the 
expression of one another by binding to the first coding exon.171 In general, MBNL proteins 
undergo extensive alternative splicing, which fine-tunes their expression pattern and also their 
functionality since inclusion or exclusion of specific exons influences their localization and 
also binding preferences.170 MBNL2 in particular has four isoforms ranging from 38 to 41 kDa. 
The isoforms MBNL2-38 and MBNL2-39 are present in the cytoplasm, while MBNL2-40 and 
MBNL2-41 are restricted to the nucleus. The localization is determined by the NLS that is 
encoded in the alternatively spliced exon 5.171  
 
3.3.2.1 MBNL proteins and disease 
Deregulation of MBNL proteins is related to myotonic dystrophy (DM). Here, MBNL proteins 
are distracted from their natural targets by expanded CUG or CCUG repeats within the 3’ UTR 
of dystrophia myotonica protein kinase (DMPK, DM type 1) or CCHC-type zinc finger nucleic 
acid binding protein (CNBP, DM type 2), respectively (Figure 3-12).172,173 Thus, DM1 and 
DM2 are RNA-mediated disorders.174 The expanded CUG or CCUG repeats are the product of 
mutations. Repetitive DNA sequences are common in the human genome and can have 
regulatory functions. Short tandem repeats (STRs) fine-tune the regulation of the STR host 
gene. Expansion of STRs by mutation is toxic and leads to STR expansion diseases as in the 
case of DM.174 Repetition of CUG and CCUG leads to formation of 5’-YGCY-3’ motifs, which 
are bound by MBNL proteins. Subsequently, MBNL proteins are sequestered in RNA foci 
leading to the same consequences as an MBNL depletion. RNA foci are RNP complexes, which 
result from expanded RNA repeats. DM is associated with muscle malfunctions, heart defects 




Figure 3-12: DM1 and DM2 disease mechanisms. DM1 is caused by expanded CUG repeats in the 
3’ UTR of DMPK (left side). DMPK pre-mRNA is correctly spliced, but sequesteres MBNL proteins 
and increases CELF1 protein levels. DM2 is caused by expanded CCUG repeats in an intron of 
CNBP (right side). The respective intron is retained and MBNL and RBFOX proteins are 
sequestered. The deregulation of these splicing factors leads to DM symptoms. Modified figure 
from 174. 
Just recently, MBNL proteins have also been associated with cancer and several studies 
supposed contrasting roles for MBNL proteins. MBNL1 was found to support colorectal 
carcinogenesis by interfering with Dicer1 recruitment to miRNA precursors.175 In contrast, 
MBNL1 suppresses metastasis in breast and colorectal cancer by regulating the mRNA stability 
of metastasis suppressor transcripts like drebin-like protein (DBNL) and transforming acidic 
coiled-coil containing protein 1 (TACC1).176,177 These opposing roles might be due to different 
isoform distributions. The MBNL1 isoform containing exon 7 is upregulated in cancer, while 
the overall level of MBNL1 is reduced.178 Also for MBNL2, controversial functions were 
documented. While MBNL2 was identified as oncogenic driver in a murine model of breast 
cancer, MBNL2 acted as tumor suppressor in human hepatocellular carcinoma.179,180 There, 
overexpression of MBNL2 led to inhibited tumor growth and invasion. Furthermore, MBNL2 is 
overexpressed in human clear cell renal cell carcinoma (ccRCC) and contributes to 
deregulated gene expression promoting cancerogenesis.181 In this study, MBNL2 target genes 
were identified that belong to the HIF signaling pathway, which is the main transcriptionally 
activated pathway under hypoxia.181 However, neobractatin-mediated MBNL2 upregulation in 
breast and lung cancer cells inhibits tumor metastasis.182 MBNL3 is promoting hepatocellular 
carcinoma via alternative splicing of lncRNA-PXN-AS1, which increases paxillin (PXN) 
expression.183 In sum, the previously identified functions of MBNL proteins in cancer are 




3.4 Project aim 
3.4.1 Auto- and cross-regulation of the hnRNPs D and DL 
Deregulated expression of splicing factors and subsequent aberrant splicing are associated 
with the pathogenesis of various diseases including cancer.81,100 HnRNP DL itself is 
overexpressed in prostate cancer and chronic myeloid leukemia.152,153 Previous work by 
K. Kemmerer has shown that hnRNP DL regulates its own expression in a negative feedback 
loop by AS of a poison exon in its 3’ UTR.147 In this study, the investigation of the hnRNP DL 
autoregulation was continued. Aim was to confirm binding of hnRNP DL to its own pre-mRNA 
using RNA-binding protein immunoprecipitation (RIP) analyses. Further, cross-regulation 
between the endogenous hnRNP DL and its paralog hnRNP D was investigated in RNAi 
experiments, in which either hnRNP DL or hnRNP D are depleted. For that purpose, an 
hnRNP D knockdown had to be established. Moreover, I aimed to demonstrate a role of 
hnRNP DL in endothelial cell migration and angiogenesis in human endothelial cells. 
3.4.2 Hypoxia-driven gene expression changes in human cancer cells 
Hypoxia is a common characteristic of solid tumors and triggers widespread changes in gene 
expression. It also influences posttranscriptional regulation mechanisms including AS.184 By 
now, there are only few genome-wide analyses of hypoxia-driven transcriptome changes. The 
studies focused on endothelial cells184, mesenchymal stem cells185 and hepatocellular 
carcinoma186. Comparison of these studies is difficult since different hypoxic conditions and 
different analysis methods have been used. A better understanding of hypoxia-driven changes 
in the RBPome and in AS in cancer cells could open up new approaches in cancer therapy. 
Aim of this study was to achieve a comparable data set of hypoxia-driven gene expression and 
AS changes in different cancer types. For this purpose, I wanted to establish a suitable hypoxia 
test system for different cancer cell lines. Aim was to identify hypoxia-responsive splicing 
factors and hypoxia-driven AS changes in transcriptome analyses and to verify mRNA and 
protein level changes in RT-qPCRs and Western blots, respectively. In addition, I focused on 
the characterization of splicing factor target genes and the regulation mechanism by 
performing RT-PCRs, actinomycin D, ELISA and luciferase assays. Further, I aimed to 
understand the contribution of hypoxia-responsive splicing factors to tumorigenesis. For that 





The Results chapter 4 of this study is divided into two sections. Chapter 4.1 deals with the 
auto- and cross-regulation of the hnRNPs D and DL. Here, I describe the binding of hnRNP DL 
to its own pre-mRNA. Further, I demonstrate the cross-regulation of hnRNP D and DL in 
knockdown studies. In addition, I show that hnRNP DL is implicated in migration and 
angiogenesis in endothelial cells. 
Chapter 4.2 is about hypoxia-driven gene expression changes in human cancer cells. 
Transcriptome analyses were performed in order to elucidate how hypoxia impacts on 
transcript abundance and AS events in cancer cells. Strikingly, MBNL2 could be identified as 
major regulator of transcript abundance and AS in hypoxic cancer cells. Transcriptome 
analyses after siRNA-mediated knockdown of MBNL2 further revealed novel MBNL2 target 




4.1 Auto- and cross-regulation of the hnRNPs D and DL 
Previous studies by K. Kemmerer indicated an autoregulation of hnRNP DL in a negative 
feedback loop (see chapter 3.3.1). HnRNP DL contains an alternatively spliced poison exon in 
its 3’ UTR (exon 8). Inclusion of this exon leads to degradation of the mRNA trough NMD. In 
this study, I could show that hnRNP DL binds to its own pre-mRNA. In addition, I 
demonstrated the cross-regulation between endogenous hnRNP D and DL in RNAi 
experiments. Further, I revealed a key function of hnRNP DL in endothelial cell migration and 
angiogenesis. 
 
4.1.1 Autoregulation of hnRNP DL 
Autoregulation of splicing factors is essential for splicing factor homeostasis and is often 
exerted in a negative feedback loop.92 Several splicing factors control their own expression via 
the mechanism of AS-NMD. Hereby, the splicing factors bind to their own pre-mRNA and 
influence splicing decisions. Examples for autoregulatory splicing factors are neural hnRNP I 
(nPTB)95 or hnRNP L.99 The regulation of these hnRNPs via AS-NMD suggests that hnRNP DL 
is also subject to this mechanism. 
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Binding of hnRNP DL to its own pre-mRNA is a prerequisite for the predicted AS-NMD 
autoregulation. RNA-binding protein immunoprecipitations (RIPs) were performed in order to 
investigate whether hnRNP DL targets its own pre-mRNA. For that purpose, HeLa cell lines 
stably expressing either GFP as a control or a GFP-hnRNP DL fusion protein (GFP-DL) were 
used. These cell lines were previously established by K. Kemmerer.147 Either GFP or the      
GFP-DL fusion protein with bound RNA were precipitated by the use of the corresponding 
antibody. The U1-70K-U1 snRNA complex was precipitated as a positive control. Proteins 
were digested by proteinase K and remaining RNA was extracted. RNA was also extracted 
from an input sample, corresponding to 10% of the input used in the different samples. In RT-
qPCR analyses the mature hnRNP DL mRNA (DL mRNA), the hnRNP DL pre-mRNA       
(DL pre-mRNA_1/_2) and the U1 snRNA were detected. The two oligonucleotide pairs for the 
detection of the hnRNP DL pre-mRNA were designed in the way that one pair leads to the 
amplification of a fragment within hnRNP DL intron 8 (DL pre-mRNA_1) and the other pair 
leads to the amplification of a fragment ranging from exon 8 over the intron-exon junction to 
intron 8 (DL pre-mRNA_2; Figure 4-1 A). To gain the yield in % input, values were 
normalized to values obtained in the input sample. Strikingly, the GFP-DL fusion protein 
preferentially bound the hnRNP DL pre-mRNA in comparison with the mature hnRNP DL 
mRNA when the GFP antibody was used for the RIP in HeLa cells overexpressing GFP-DL 
(Figure 4-1 A). These findings demonstrate that hnRNP DL binds its own pre-mRNA, 
confirming its autoregulation. Both fragments, DL pre-mRNA_1 and DL pre-mRNA_2 were 
highly enriched in the RIP. As expected, none of the tested RNAs were enriched in the RIP of 
GFP in HeLa cells overexpressing GFP. Further, the hnRNP DL pre-mRNA and the U1 snRNA, 
but not the mature hnRNP DL mRNA were enriched when the snRNP U1-70K antibody was 
used for the RIP. This is in line with the expectations since snRNP U1-70K is a part of the core 
spliceosome and thus binds to pre-mRNAs. Western blot analyses were performed for each 
RIP in order to verify equal RIP efficiencies. GFP was immunoprecipitated as a control to 
ensure that GFP-DL and not GFP alone is binding to mRNAs. Mouse IgG was used as negative 
control and did not show enrichment of GFP-DL or GFP. GFP-DL and GFP were equally 








Figure 4-1: HnRNP DL preferentially binds its own pre-mRNA. (A) Scheme of the hnRNP DL          
pre-mRNA ranging from exon 7 to 9. The fragment DL pre-mRNA_1 is located in intron 8. 
Fragment DL pre-mRNA_2 is located at the exon-intron junction between exon 8 and intron 8. 
(B) HeLa cell lines stably expressing GFP or a GFP-hnRNP DL fusion protein (GFP-DL) were used. 
A GFP antibody was used for RIP of GFP and the GFP-DL fusion protein. In RT-qPCR, the mature, 
fully spliced hnRNP DL mRNA (DL mRNA), the hnRNP DL pre-mRNA (DL pre-mRNA_1/_2) and 
the U1 snRNA were detected. An snRNP U1-70K antibody was used as positive control. Values 
were normalized to the input sample. n=5. (C) Western blot verified a comparable RIP efficiency 
of GFP-DL fusion protein and GFP. Anti-GFP was used to detect both, GFP-DL and GFP. Mouse 
IgG (IgG) was used as negative control. n=5. (**) P value < 0.01, (*) P value < 0.05. 
 
4.1.2 Cross-regulation between hnRNP D and DL 
Cross-regulation between paralogs is common in the family of hnRNPs. For example PTB and 
nPTB or hnRNP L and LL cross-regulate each other.98,99 If hnRNP DL and its paralog hnRNP D 
cross-regulate each other in a negative feedback loop, we would expect that hnRNP DL can 
control the inclusion of exon 9 into the hnRNP D mRNA (Figure 4-2 A). Further, hnRNP D 
should be able to control the inclusion of exon 8 into the hnRNP DL mRNA. Inclusion of these 
exons leads to degradation of the mRNA via NMD and thus, to a decrease in protein amount. 
To target the question, whether hnRNP D and DL cross-regulate each other, I analyzed protein 
and mRNA levels after performing RNAi experiments in which either hnRNP D or DL were 
depleted. I established an efficient hnRNP D and DL knockdown in HeLa cells. Knockdown of 
hnRNP D led to a strong induction of hnRNP DL (Figure 4-2 B). Albeit to a lesser extent, 
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knockdown of hnRNP DL led to an induction of hnRNP D. In addition, knockdown of one of 
the paralogs had a strong influence on splicing of the other paralog. Knockdown of either 
hnRNP D or DL led to induction of the protein-coding mRNA level of the other paralog 
(Figure 4-2 C and D). Additionally, the NMD-sensitive isoform containing exon 8 in hnRNP 
DL or exon 9 in hnRNP D was dramatically reduced. Both findings represent an explanation 
for the increase in protein quantities. All together, the RNAi experiments prove the cross-
regulation between hnRNP D and DL. 
 
Figure 4-2: HnRNP D and DL cross-regulate each other. (A) Scheme of the hypothesized cross-
regulation between hnRNP D and DL. HnRNP D is shown in red. HnRNP DL is shown in blue. 
Grey arrows show the autoregulation of hnRNP D and DL, respectively. Both hnRNPs regulate 
their own expression in a negative feedback loop by controlling the inclusion of a poison exon 
(hnRNP D exon 9 in red and hnRNP DL exon 8 in blue) in their 3’ UTR into the mRNA. Colored 
arrows indicate the cross-regulation between hnRNP D and DL. (B) HnRNP D and DL protein 
levels are increased after knockdown of the other paralog. Anti-hnRNP D and anti-hnRNP DL 
antibodies were used to verify protein levels. Anti-HSP60 was used as loading control. n=3.       
(C) and (D) MRNA levels of hnRNP D isoforms 8/10 and NMD-sensitive isoform 8/9/10 (C) and 
of hnRNP DL isoforms 7/9 and NMD-sensitive isoform 7/8/9 (D) after knockdown of the 
respective paralog. Values are normalized to the housekeeping gene RPLP0. n=5.                     
(**) P value < 0.01, (*) P value < 0.05. 
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4.1.3 Role of hnRNP DL in migration 
A transcriptome analysis after hnRNP DL knockdown in human umbilical vein endothelial cells 
(HUVECs), which was performed in our working group prior to this study, predicted a role of 
hnRNP DL in proliferation, cytoskeleton remodeling and angiogenesis.187 To study the 
predicted role of hnRNP DL in endothelial cell migration, I established a transwell endothelial 
cell migration assay in our laboratory. Endothelial cell migration was dramatically reduced, 
when hnRNP DL was depleted (Figure 4-3), proving a promoting role of hnRNP DL in 
endothelial cell migration. 
  
Figure 4-3: HnRNP DL affects endothelial cell migration. (A) Knockdown of hnRNP DL leads to 
hnRNP DL protein depletion in HUVECs. (B) Quantification of migrated HUVECs in a transwell 
assay after knockdown of hnRNP DL. n=4. (C) Representative pictures of migrated HUVECs. 
Original images were colored in magenta to visualize crystal violet staining. (**) P value < 0.01. 
 
4.1.4 Role of hnRNP DL in angiogenesis 
Endothelial cells build the inner lining of blood vessels and are responsible for angiogenesis 
and neovascularization. To study the predicted role of hnRNP DL in angiogenesis187, 
I established a spheroid sprouting assay in our laboratory. During this assay, HUVECs are 
 
 31 
transfected with RNAi constructs. 24 h later HUVECs are seeded in hanging drop cultures to 
enable endothelial spheroid formation. These spheroids have a HUVEC monolayer on their 
outside. In addition, the spheroids are hollow and match the characteristics of blood vessels. 
The spheroids are transferred into a collagen matrix, which allows observation of sprout 
formation. Sprouting is the initial process needed for angiogenesis. 
Knockdown of hnRNP DL in HUVECs led to a dramatic reduction of sprouting (Figure 4-4). 
VEGF-A is the most important driver for angiogenesis. Stimulation of HUVEC spheroids with 
VEGF-A led to an increase in sprouting, but strikingly, stimulation could not restore sprouting 




Figure 4-4: HnRNP DL affects endothelial cell angiogenesis. (A) Quantification of the cumulative 
sprout length per spheroid in HUVECs after knockdown of hnRNP DL with or without VEGF-A 
stimulation (0.05 mg/ml). Sprouting is dramatically reduced after hnRNP DL knockdown. n=4. 
(B) Representative pictures of spheroids and sprouts. Knockdown of hnRNP DL leads to dramatic 
reduction in sprouting. (**) P value < 0.01. 
 
Vascular cell adhesion protein 1 (VCAM1) is an important angiogenic factor. VEGF-A 
increases the transcription rate of VCAM1 during angiogenesis.188,189 Further, VCAM1 was 
identified as potential new hnRNP DL target in the transcriptome analyses after hnRNP DL 
knockdown in HUVECs. To investigate the influence of hnRNP DL on VCAM1 levels, samples 
were taken from unstimulated HUVECs and HUVECs stimulated with VEGF-A 48 h after 
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transfection with a nonsilencing siRNA or an siRNA targeting hnRNP DL. A.T. Gimbel 
performed RT-qPCR and Western blot analyses of VCAM1 levels in the context of her master 
thesis.190 VCAM1 mRNA and VCAM1 protein levels were dramatically reduced after hnRNP DL 
knockdown (Figure 4-5). While stimulation with VEGF-A led to a dramatic increase of 
VCAM1 levels in the control cells, it could not restore VCAM1 levels after hnRNP DL 
knockdown. This highlights the role of hnRNP DL in angiogenesis and implicates a VCAM1 
expression control mechanism involving both, hnRNP DL and VEGF-A. 
 
    
Figure 4-5: Knockdown of hnRNP DL leads to reduced VCAM1 levels. (A) RT-qPCR shows reduced 
VCAM1 mRNA levels after hnRNP DL knockdown. Stimulation with VEGF-A (0.05 mg/ml) does 
not restore VCAM1 mRNA levels. Values are normalized to the housekeeping gene RPLP0. n=3. 
(B) Western blot analysis shows reduced VCAM1 protein levels after hnRNP DL knockdown with 







4.2 Hypoxia-driven gene expression changes in human cancer cells 
Solid tumors typically comprise hypoxic regions. Hypoxia influences the gene expression in 
afflicted cells, promoting cancer cell gene expression programs, which favor cancer cell 
survival, migration, tumor angiogenesis and thus tumor progression. A profound 
understanding of hypoxia-driven gene expression changes, especially changes in 
posttranscriptional regulation like AS, is necessary to address hypoxic tumors in cancer 
therapy. In this study, I focused on the differential expression of RBPs as well as on splicing 
changes in cancer cells after hypoxia treatment. Lung and breast cancer cause the most of 
cancer-related deaths in males and females, respectively.191,192 Thus, these cancer types were 
chosen for this study. In the following experiments A549 lung and MCF-7 breast cancer cells 
were used. After identification of hypoxic conditions that can be applied to both cell types 
without causing cell death, RNA sequencing analyses were performed. Interestingly, both 
cancer types exhibit a highly concordant response to hypoxia regarding transcript abundance. 
In contrast, hypoxia-driven splicing programs differed markedly. The transcriptome analyses 
further revealed a global reduction in RBP and especially hnRNP levels in both cell types. 
Strikingly, the splicing factor MBNL2 was one of few upregulated RBPs under hypoxia. A 
transcriptome analyses after siRNA-mediated knockdown of MBNL2 enabled me to identify 
novel MBNL2 target mRNAs. There was a strong intersection between genes induced under 
hypoxia and downregulated after MBNL2 knockdown, hypothesizing an mRNA stabilizing role 
of MBNL2. In actinomycin D mRNA decay assays I could disprove a stabilizing function of 
MBNL2 for the VEGFA mRNA. Instead, I could find that MBNL2 is required for efficient VEGF-
A protein secretion under hypoxia. In addition, MBNL2 target gene induction under hypoxia is 
specific for MBNL2 and not shared by its paralog MBNL1. Importantly, MBNL2 depletion 
diminished cancer cell proliferation as well as migration in crystal violet and transwell assays, 
respectively, highlighting the physiological importance of MBNL2. In sum, this study 






4.2.1 Selection of hypoxic conditions 
At first, hypoxic conditions, which can be applied to both, A549 and MCF-7 cancer cells, had 
to be identified. For the achievement of a comparable data set, it is essential to use the same 
conditions for cohorts that are to be compared later. The usage of different conditions in 
previous studies in endothelial cells184, mesenchymal stem cells185 and hepatocellular 
carcinoma cells186 rendered a direct comparison between the studies impossible. In this study, 
a hypoxia incubation chamber was used to apply hypoxic conditions to human cancer cells. In 
order to test the response of cancer cells to hypoxia in preliminary experiments, they were 
cultured for different durations (6 h, 16 h, 24 h, 48 h) under hypoxia (0.5% O2). Here, 6 h 
and 16 h can be considered as acute hypoxia, while 24 h and 48 h are referred to as chronic 
hypoxia. VEGFA mRNA level can be used as a measure of hypoxia response since it is highly 
induced under hypoxia in many cell types. In addition to VEGFA, hnRNP M mRNA levels were 
examined under hypoxia. Previous studies in our laboratory have shown that hnRNP M mRNA 
levels are reduced under hypoxia. The consideration of an induced (VEGFA) and a reduced 
mRNA (hnRNP M) under hypoxia should give an overview of the hypoxia response of the 
cancer cells. Analysis of mRNA levels of the known hypoxia-responsive genes VEGFA and 
hnRNP M after hypoxia treatment (0.5% O2) of A549 and MCF-7 cells for different durations 
(6 h, 16 h, 24 h, 48 h) revealed that chronic hypoxia (48 h) has the greatest effect on the 
change in mRNA levels in A549 cells (Figure 4-6). In addition, chronic hypoxia had the 
greatest effect on hnRNP M mRNA level in MCF-7. Thus, chronic hypoxia (48 h) was chosen 





Figure 4-6: Hypoxia leads to VEGFA mRNA induction and hnRNP M mRNA reduction.                  
(A) and (B) RT-qPCR quantification of VEGFA (A) and hnRNP M (B) mRNA levels in normoxic 
and hypoxic A549 and MCF-7 cells. Values are normalized to the housekeeping gene RPLP0. 24 h 
and 48 h n=3-4, 6 h and 16 h n=2. (**) P value < 0.01, (*) P value < 0.05. 
 
For the investigation of mRNA levels in cancer cells after hypoxia treatment, it is essential that 
cells are viable and do not induce apoptosis. To ensure that hypoxia treatment with 0.5% O2 
does not impair cell survival, I performed crystal violet assays in A549 and MCF-7 cells after 
hypoxia treatment with 0.5% O2 for 48 h. Hypoxia treatment had no influence on hypoxic 
cancer cell viability in comparison to normoxic control cells as could be seen in the crystal 
violet assay (Figure 4-7 A). Further, it was tested in crystal violet assays, whether lowering 
the oxygen concentration influences cancer cell survival (Figure 4-7 B). Cancer cell 
proliferation was impaired after treatment with 0.2% O2 for 48 h. Cell survival is a 
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prerequisite for further analyses of gene expression and AS changes, therefore, 0.5% O2 was 
chosen as condition for further experiments. 
 
Figure 4-7: Influence of chronic hypoxia on cancer cell viability. (A) and (B) Cell viability of A549 
and MCF-7 cells after chronic hypoxia treatment with 0.5% (A) and 0.2% (B) O2, respectively. 
Cell viability was examined in crystal violet assays. Shown is the relative absorption after crystal 
violet staining. n=3. (**) P value < 0.01, (*) P value < 0.05. 
 
4.2.2 Transcriptome analyses 
In order to detect hypoxia-driven changes in gene expression and in AS, deep sequencing was 
performed. For that purpose, total RNA was extracted from A549 and MCF-7 cells, which 
were incubated under normoxic (21% O2) or hypoxic (0.5% O2) conditions for 48 h (n=2). 
Ribosomal RNA was depleted, a strand-specific cDNA library was generated and 
approximately 100 million reads were achieved per sample. A. Di Liddo and K. Zarnack 
performed bioinformatics and gene ontology (GO) analyses (see also chapter 8.2). 
In general, RNA deep sequencing analyses yield a certain number of raw reads per sample. 
Low-quality reads are discarded and adaptor sequences are trimmed. In this study, reads were 
mapped to the human genome (GRCh38/hg38 assembly). Reads were counted within genes 
annotated in GENCODE version 24. DESeq2193 was used to analyze differential gene 
expression between hypoxic and normoxic conditions. rMATS194 was used to detect AS events. 
RNA sequencing data from normoxic and hypoxic A549 as well as MCF-7 cells is available in 
the Gene Expression Omnibus Database (GEO, www.ncbi.nlm.nih.gov/geo/) under the 




Raw read counts are affected by the total number of reads, sequencing biases and also by 
transcript length.195 Therefore, read counts are normalized to the transcript length as well as 
the total number of transcripts in a sequencing run yielding the transcripts per million (TPM). 
The following formula can be used to calculate the TPM: 
𝑇𝑃𝑀 =  
𝑟! 𝑥 𝑟𝑙 𝑥 10!
𝑓𝑙! 𝑥 𝑇
 
where rg is the number of reads mapped to a particular gene region g, rl is the read length, flg 
is the feature length and T is the total number of transcripts in a sequencing sample.196 With 
this method, the sum of all TPMs in one sample is always 1,000,000. This enables the 
comparison between several samples and thus, differential gene expression analyses, 
assuming that the same number of transcripts is present in the samples.196,197 
During transcriptome analyses in this study, mRNA levels of transcripts with TPMs lower 
than 1 were not detectable in RT-qPCR experiments, most probably due to technical 
limitation. Thus, only transcripts with at least one copy per one million transcripts ([TPM]>1) 
in at least one sample were considered to increase reproducibility and statistical power.  
 
4.2.2.1 Differential gene expression under hypoxia in cancer cells 
Transcripts from 18,214 genes in A549 and from 18,880 genes in MCF-7 cells were detected 
during deep sequencing. 15,684 transcripts were shared between both cell types. Gene 
expression was considered as changed, if the expected change in expression level between the 
normoxic and hypoxic sample was at least 1.5-fold. Differential gene expression analyses after 
hypoxia treatment revealed significantly changed levels of 2,490 (16%) transcripts in A549 
and 4,503 (29%) transcripts in MCF-7 cells. 1,224 differentially expressed transcripts are 
shared between both cell types and are mainly regulated in the same direction (1109; 91%; 
Figure 4-8 A and B), highlighting the highly correlated response to chronic hypoxia in A549 
and MCF-7 cells. A. Di Liddo performed a gene ontology (GO) analysis using the enrichGO 
function in clusterProfiler in R, which showed an increase in the expression of typical hypoxia 
response genes implicated in metabolic processes, vasculature development, regulation of 
blood circulation, positive regulation of cell migration or extracellular matrix organization 
(Supplementary Figure 11-1). GO analysis further showed downregulation of genes 
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implicated in DNA replication, ribosome biogenesis, RNA splicing, DNA repair or telomere 
maintenance. For verification, mRNA levels of the known hypoxia response genes DDIT4 
(DNA-damage inducible transcript 4), LDHA (lactate dehydrogenase) and PLOD2 
(procollagen-lysine,2-oxoglutarate 5-dioxygenase 2) were investigated. The expected increase 
of mRNA level could be confirmed in both cell types (Figure 4-8 C). 
 
Figure 4-8: Chronic hypoxia treatment causes similar changes in transcript abundance in A549 
and MCF-7 cells. (A) 2,490 and 4,503 genes are differentially expressed in A549 and MCF7 
cells, respectively. 1,224 differentially expressed genes are shared between both cell types. 
padj=adjusted P value. (B) 1,224 differentially expressed genes are mainly regulated in the same 
direction. (C) RT-qPCR quantification of the mRNA levels of hypoxia-induced genes in normoxic 
and hypoxic A549 and MCF-7 cells. Values are normalized to the housekeeping gene RPLP0. 








In this study, I focused on the differential expression of RBPs. RBPs are responsible for 
posttranscriptional regulation and their deregulation is associated with cancer.81 Interestingly, 
RBP transcript levels were globally reduced in hypoxic A549 and MCF-7 cells (Table 4-1).  
Table 4-1: Differential expression of RBPs after hypoxia treatment of A549 and MCF-7 cells. RBPs 
are mainly regulated in the same direction in A549 and MCF-7 cells. Most RBPs are 
downregulated under hypoxia. 
     Log2FoldChanges 
Gene name A549 MCF-7 
  SAMD4A 1.73 1.61 
 
> 1.5-fold up 
TIPARP 1.31 0.76 
 
padj < 0.05 
CARHSP1 1.12 0.85 
  GAPDH 1.06 3.34 
 
> 1.5-fold down 
CELF5 1.05 1.62 
 
padj < 0.05 
MBNL2 1.03 1.36 
  SFMBT2 0.85 0.63 
  RBMS2 0.79 1.08 
  MEX3D 0.78 1.58 
  MEX3B 0.75 0.73 
  ZFP36L1 0.63 0.59 
  HTATSF1 -0.60 -0.88 
  PCBP1 -0.60 1.49 
  LSM4 -0.60 -0.85 
  SNRPD3 -0.61 -0.78 
  SNRPC -0.61 -0.69 
  POLR2G -0.62 -0.92 
  PPRC1 -0.62 -1.09 
  NIFK -0.62 -0.61 
  HNRNPR -0.63 -0.90 
  PUM3 -0.66 -0.95 
  SF3B4 -0.68 -0.93 
  TRA2B -0.68 -0.71 
  PNPT1 -0.72 -1.64 
  CSTF2 -0.73 -1.77 
  PNO1 -0.77 -1.64 
  TOE1 -0.80 -1.32 
  SNRPD1 -0.82 -1.10 
  HNRNPAB -0.82 -1.55 
  SSB -0.82 -0.77 
  ALYREF -0.86 -1.11 
  TDRKH -0.88 -0.98 
  PDCD11 -0.90 -0.82 
  HNRNPM -0.94 -1.00 
  PPARGC1B -1.06 -1.85 
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I further focused on the expression of hnRNPs since hnRNPs are the major splicing regulators. 
Comparison of the fold changes of hnRNP transcripts in A549 and MCF-7 cells shows for 
example reduction of hnRNP L and M in response to hypoxia, with hnRNP M reacting most 
strongly to hypoxia (Figure 4-9 A). HnRNP A1 and C mRNA levels show a trend towards 
reduction under hypoxia. HnRNP A0 and DL mRNA levels were reduced in A549 but slightly 
increased in MCF-7 cells. The level of hnRNP E2 mRNA remained almost the same. The strong 
reduction of hnRNP M mRNA level was confirmed by RT-qPCR (Figure 4-9 B). The reduced 
mRNA levels might be due to a reduction of transcription or reduced mRNA stability. In 
addition, a switch in AS towards NMD-sensitive isoforms might lead to a reduction in mRNA 
level as could be seen for hnRNP DL (Figure 4-9 C) in MCF-7 cells. Inclusion of hnRNP DL 
exon 8 was increased under hypoxia in MCF-7 cells and leads to degradation of the mRNA by 
NMD.  
 
Figure 4-9: Chronic hypoxia leads to reduced hnRNP transcript levels. (A) Deep sequencing data 
reveal reduced hnRNP transcript levels in both, A549 and MCF-7 cells. (B) Verification of 
reduced hnRNP M transcript level by RT-qPCR. Values are normalized to the housekeeping gene 
RPLP0. n=3. (C) In MCF-7 cells, hypoxia leads to a shift in hnRNP DL transcript splicing, 
promoting inclusion of hnRNP DL exon 8, which leads to degradation of the mRNA by NMD. 
Values are normalized to the housekeeping gene RPLP0. n=4. (**) P value < 0.01, 
(*) P value < 0.05. 
 
Since mRNA levels might not reflect the effects observed at the protein level, I investigated 
protein levels of hnRNPs. Western blot analyses of hnRNP A0, A1, C, DL, E2, L and M revealed 
that hnRNP protein levels are reduced in A549 and MCF-7 cells in response to hypoxia 
(Figure 4-10). Parts of the Western blot analyses were performed by M. Fauth in the context 
of an internship. The transcript level of some hnRNPs, including hnRNP E2, did not change in 
the transcriptome analysis, pointing towards regulation mechanisms other than reduction of 




Figure 4-10: Chronic hypoxia leads to reduced hnRNP protein levels. (A) and (B) Protein levels of 
the hnRNPs A0, A1, C, DL, E2, L and M are reduced in hypoxic A549 (A) and MCF-7 cells (B).     
n=2-4. 
 
Strikingly, only few RBPs were induced under hypoxia in the tested cell types. Hypoxia 
treatment of A549 and MCF-7 cells led to approximately 1.9–fold and 1.5–fold induction of 
MBNL2 mRNA level, respectively (Figure 4-11). In addition, PTRF (polymerase I and 
transcript release factor, also known as CAVIN1, caveolae associated protein 1) and SAMD4A 
(sterile alpha motif domain-containing protein 4A, also known as SMAUG1) mRNA levels 







Figure 4-11: MBNL2, PTRF and SAMD4A are specifically induced under hypoxia. RT-qPCR 
quantification reveals increased MBNL2, PTRF and SAMD4A mRNA levels in hypoxic A549 and 
MCF-7 cells. Values are normalized to the housekeeping gene RPLP0. n=4. (**) P value < 0.01, 
(*) P value < 0.05. 
 
4.2.2.2 Differential splicing programs under hypoxia in cancer cells 
In transcriptome analyses the percent spliced-in (PSI) is used to compare AS events between 
several conditions. Simplified, the PSI is calculated using the following equation: 




with IR being the inclusion reads and ER being the exclusion reads.198 IRs contain features of 
the exon of interest together with features from the flanking exons, while ERs span the exon-
exon junction between the flanking exons of the exon of interest. Constitutive exons have a 
PSI of 100%. 
Hypoxia treatment of A549 and MCF-7 cells extensively changed AS programs. AS events 
were assumed as changed when the absolute change in PSI (|∆PSI|) was bigger than 10%. 
Cassette exons are the most common AS type and represented approximately 50% of all 
detected AS events in the transcriptome analyses (Figure 4-12 A). About 60% of cassette 
exons were alternatively spliced upon hypoxia (|∆PSI|>10%). In MCF-7 hypoxia led to 
preferential exon skipping, while equal amounts of cassette exons were skipped or retained in 
A549, respectively (Figure 4-12 B). Alternative 5’ and 3’ splice sites as well as retained 
introns were preferentially skipped in MCF-7 cells, while they were preferentially used in 
A549 cells. From a total of 2,225 changed AS events in A549 and 4,206 in MCF-7, only 199 
changed AS events were shared by both cell types (Figure 4-12 C). Moreover, only 123 (63%) 
of these events were regulated in the same direction in both cell types (Figure 4-12 D). 
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Obviously, the activated AS programs under hypoxia differ markedly between A549 and   
MCF-7 cells. The same number of changed events was found as for transcript abundance, but 
the overlap between the two cell types is small for AS changes. Therefore, hypoxia-driven AS 
changes seem to be much more cell type-specific than the differential gene expression. 
 
Figure 4-12: Hypoxia-driven AS changes are highly cell type-specific. (A) Detected and changed AS 
events under hypoxia in A549 and MCF-7 cells. Different event types are color-coded. CE = 
cassette exon, MXE = mutually exclusive exons, A5SS = alternative 5’ splice site, A3SS = 
alternative 3’ splice site, RI = retained intron. (B) Inclusion vs. skipping in changed AS events. 
(C) Number of changed AS events in both cell types. Only 199 changed AS events are shared 
between the two cell types. PSI = percent spliced-in, FDR = false discovery rate. (D) Comparison 
of changed AS events in A549 and MCF-7 cells.  
For verification, the splicing patterns of the genes coding for CENPE (centromere-associated 
protein E), PTBP2 and PUSL1 (tRNA pseudouridine synthase-like 1) were examined in 
response to hypoxia in both cell types. Here, oligonucleotides are located in the exons, which 
flank the alternatively spliced exon. Oligonucleotides led to amplification of both CENPE, 
PTBP2 and PUSL1 isoforms, with or without the alternatively spliced exon, in RT-PCRs. As 
expected from sequencing data, hypoxia treatment led to decreased inclusion of CENPE 
exon 17 and PTBP2 exon 10 (Figure 4-13). In addition, a slightly increased inclusion of 
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PUSL1 exon 2 under hypoxia could be shown. RT-PCR analyses of CENPE and PTBP2 splice 
pattern were performed by J.S. Gerhardus in the context of her bachelor thesis.199 
 
Figure 4-13: Hypoxia-driven AS changes. CENPE exon 17 inclusion is reduced after hypoxia 
treatment in A549 and MCF-7 cells. The short PCR product (118 bp) corresponds to the exon 
skipping isoform, while the long isoform (192 bp) corresponds to the exon inclusion isoform. 
PTBP2 exon 10 inclusion is reduced after hypoxia treatment in A549 and MCF-7 cells. The short 
PCR product (183 bp) corresponds to the exon skipping isoform, while the long isoform (217 bp) 
corresponds to the exon inclusion isoform. PUSL1 exon 2 inclusion is increased after hypoxia 
treatment in A549 and MCF-7 cells. The short PCR product (215 bp) corresponds to the exon 
skipping isoform, while the long isoform (273 bp) corresponds to the exon inclusion isoform. 
Splicing patterns of CENPE and PTBP2 were examined in PAA gels. Splicing pattern of PUSL1 was 
examined in an agarose gel. n=2. N = normoxia, H = hypoxia, M = size marker. 
 
4.2.3 MBNL2 controls the hypoxia adaptation of cancer cells 
Unlike most of the other splicing factors, which are reduced under hypoxia, MBNL2 is 
specifically induced under hypoxia. MBNL2 was of particular interest for me, since it is a 
typical splicing regulator and has recently been shown to be induced in hepatocellular 
carcinoma.180  Thus, further experiments focused on MBNL2.   
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I investigated the MBNL2 protein level under normoxic and hypoxic conditions in A549 and 
MCF-7 cells. I could show that MBNL2 is induced under hypoxia (Figure 4-14), 
corresponding to its increase at mRNA level. 
 
Figure 4-14: MBNL2 is induced under hypoxia. MBNL2 protein is increased under hypoxia in both 
cell types, A549 and MCF-7. 
 
In order to investigate, how MBNL2 impacts on cancer cell adaptation to hypoxia, I 
established an MBNL2 knockdown under hypoxia. The MBNL2 knockdown under hypoxic 
conditions efficiently led to a reduction of MBNL2 mRNA and MBNL2 protein level in A549 
and MCF-7 cells (Figure 4-15). 
 
 
Figure 4-15: Established knockdown of MBNL2. (A) and (B) SiRNA-mediated knockdown of MBNL2 
efficiently decreases MBNL2 mRNA (A) and protein (B) level. 
 
4.2.3.1 MBNL2 controls transcript abundance of hypoxia-responsive genes 
Further, we performed transcriptome analyses after MBNL2 knockdown under hypoxia in 
MCF-7 cells to investigate, how MBNL2 impacts on cancer cell adaptation to hypoxia. Here, 
hypoxic MCF-7 cells serve as control. MCF-7 cells were transfected with a nonsilencing control 
siRNA or with an siRNA targeting MBNL2 and incubated under normoxic conditions 
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(21% O2). After 24 h cells were transferred to the hypoxia incubation chamber (0.5% O2). 
After 48 h, total RNA was extracted from MCF-7 cells (n=2). PolyA-enriched strand-specific 
cDNA libraries were generated and approximately 80 million reads were achieved per sample. 
A. Di Liddo and K. Zarnack performed bioinformatics and gene ontology (GO) analyses as 
already described in chapter 4.2.2. RNA sequencing data from MBNL2 knockdown 
experiments is available in the Gene Expression Omnibus Database (GEO, 
www.ncbi.nlm.nih.gov/geo/) under the accession number GSE136231. 
4,370 genes were differentially expressed among MBNL2 knockdown under hypoxia in MCF-7 
cells. In comparison with the differentially expressed genes under hypoxia in MCF-7 cells, 
1,528 differentially expressed genes are shared between both cohorts (Figure 4-16 A). 
Comparison of shared differentially expressed genes showed that these genes are 
preferentially regulated in the opposite direction (1,091; 71%; Figure 4-16 B), indicating a 
role of MBNL2 in hypoxia-dependent gene regulation. To identify target mRNAs that can also 
be traced in A549 cells and other cancer types, we compared the 4,370 differentially 
expressed genes among MBNL2 knockdown under hypoxia in MCF-7 cells with the shared 
differentially expressed genes in A549 and MCF-7 cells under hypoxia. 351 genes were shared 
between these cohorts (Figure 4-16 C). 65% of the shared genes (227) were regulated in the 
opposite direction (Figure 4-16 D), pointing towards a universal role of MBNL2 in hypoxia 
adaptation, not only in MCF-7 cells but also in other cancer types. Most of the differentially 






Figure 4-16: MBNL2 affects transcript abundance of hypoxia-responsive genes. (A) Comparison of 
differentially expressed genes under hypoxia in MCF-7 cells and after MBNL2 knockdown. 1,528 
genes are shared between both cohorts. (B) Shared differentially expressed genes from (A) are 
preferentially regulated in the opposite direction. (C) Comparison of shared differentially 
expressed genes under hypoxia in A549 and MCF-7 cells and differentially expressed genes after 
MBNL2 knockdown in MCF-7 cells. 351 genes are shared between both cohorts. (D) Shared 
differentially expressed genes from (C) are preferentially regulated in the opposite direction. 
 
Further, I identified novel hypoxia-responsive MBNL2 target genes. The expression of ALDOC, 
ENO2, ITGA5 and LOX was increased under hypoxia in MCF-7 cells, which was to be expected, 
as these are HIF targets. Knockdown of MBNL2 under hypoxia attenuated the HIF target 
induction, pointing towards participation of MBNL2 in the regulation of HIF targets. Further, 
VEGFA turned out to be an MBNL2 target in our study, which was also recently found by 
Perron et al.181 ALDOC, ITGA5 and VEGFA are likewise regulated by hypoxia and MBNL2 in 
A549 cells (Figure 4-17). The fact that these targets are regulated in several cancer cell types 






Figure 4-17: MBNL2 influences target gene induction under hypoxia. Verification of hypoxia-
responsive MBNL2 target mRNAs by RT-qPCR. Values are normalized to the housekeeping gene 
RPLP0. n=3-6. (**) P value<0.01. (*) P value < 0.05. 
 
4.2.3.2 MBNL2 target gene regulation is specific 
Since MBNL2 is known to have similar functions like its paralogs MBNL1 and MBNL3, I also 
investigated mRNA levels of MBNL1 and MBNL3. The mRNA level of its paralog MBNL1 was 
unchanged in A549 and reduced in MCF-7 cells in response to hypoxia. Expression of MBNL3 
was only found in MCF-7 cells and was reduced upon hypoxia (Figure 4-18 A). Western blot 
analysis further revealed unchanged MBNL1 protein levels under hypoxia (Figure 4-18 B), 
while MBNL2 protein level is induced under hypoxia (Figure 4-14). These data show that 






Figure 4-18: MBNL2 is specifically induced under hypoxia. (A) RT-qPCR quantification shows 
reduced MBNL1 and MBNL3 mRNA levels under hypoxia. MBNL3 mRNA could not be detected in 
A549 cells. Values are normalized to the housekeeping gene RPLP0. n. d. = not detectable. n=4. 
(B) Western blot analyses show that MBNL1 protein level is unchanged under hypoxia.           
(*) P value < 0.05. 
 
It is known that MBNL2 and its paralog MBNL1 have similar binding preferences and thus, 
share several targets.160 I established an MBNL1 knockdown to investigate whether MBNL2 
target regulation in response to hypoxia is specific or shared by its paralog MBNL1. MBNL2 
levels are increased at the mRNA and at the protein level (Figure 4-19 A) after depletion of 
MBNL1. The induction of MBNL2 in response to MBNL1 depletion might be due to MBNL1 
and MBNL2 cross-regulation.171 Subsequently, MBNL2 induction leads to MBNL2 target gene 
induction as could be seen for ALDOC, ENO2, ITGA5 and VEGFA in MCF-7 cells (Figure 
4-19 B). These findings indicate that specifically MBNL2 and not MBNL1 is necessary for 






Figure 4-19: MBNL2 mediated induction of target genes is specific and not shared by its paralog 
MBNL1. (A) Knockdown of MBNL1 increases MBNL2 protein level. n=2. (B) MBNL1 knockdown 
does not decrease, but increase MBNL2 target gene mRNA levels. Values are normalized to the 
housekeeping gene RPLP0. n=3. (**) P value<0.01. (*) P value < 0.05. 
 
4.2.3.3 MBNL2 does not control VEGFA mRNA stability, but secreted VEGF-A protein levels 
The increased mRNA levels of MBNL2 targets under hypoxia and the decreased target mRNA 
levels after MBNL2 depletion point towards an mRNA stabilizing effect exerted by MBNL2. 
Previous studies also suggested a putative role of MBNL2 in target mRNA stabilization in 
several tissues and cell types by correlation of in vitro RNA-binding data with in vivo levels of 
putative target mRNAs.200 For further investigation of MBNL2 target stabilization mechanism, 
I chose VEGF-A as model target since VEGF-A is a well-known and important regulator in 
both, hypoxia and cancer. In order to test whether MBNL2 stabilizes VEGFA mRNA, I 
performed actinomycin D mRNA decay assays after MBNL2 knockdown under hypoxic 
conditions. Over a time course of 4 h there was no difference between the decay rates of 
VEGFA mRNA in control and MBNL2 knockdown cells (Figure 4-20), disproving an mRNA 





Figure 4-20: MBNL2 does not influence VEGFA mRNA stability. VEGFA mRNA level was measured 
after 2 and 4 h in comparison to the initial VEGFA mRNA level (0 h) after actinomycin D 
treatment. The VEGFA mRNA decay rates are nearly the same in control and MBNL2 knockdown 
cells (MCF-7). VEGFA mRNA level was normalized to the housekeeping gene RPLP0. n=3.  
 
Further, MBNL2 was supposed to be involved in promoting translation and subsequent 
secretion of proteins by influencing target mRNA localization.169 Therefore, I investigated 
secreted VEGF-A protein levels depending on hypoxia and MBNL2 abundance. For that 
purpose, I performed enzyme-linked immunosorbent assays (ELISAs) using the supernatant of 
normoxic and hypoxic A549 and MCF-7 cells, which were transfected either with a 
nonsilencing control siRNA or an siRNA targeting MBNL2. Hypoxia induced secreted VEGF-A 
protein level by approximately 1.5-fold in MCF-7 and A549 cells (Figure 4-21). Normoxic 
VEGF-A protein level was completely restored when MBNL2 was knocked down under 





Figure 4-21: MBNL2 controls secreted VEGF-A protein levels. ELISA shows increased secreted   
VEGF-A protein level after hypoxia treatment and restored VEGF-A protein levels after MBNL2 
depletion. n=4. (**) P value < 0.01. (*) P value < 0.05. 
 
4.2.3.4 MBNL2 isoforms 
MBNL2 gives rise to several protein isoforms as can be seen in the Western blot analyses 
(Figure 4-14 and Figure 4-19 A). The four known isoforms differ in AS and have sizes 
ranging from 38 to 41 kDa (MBNL2-38/MBNL2-39/MBNL2-40/MBNL2-41; Figure 4-22 A). 
DNA sequence alignment is shown in Supplementary Table 11-1. The isoforms MBNL2-38 
and MBNL2-40 contain exon 8, which has a size of 95 nt. The isoforms MBNL2-40 and 
MBNL2-41 contain exon 5, which has a size of 54 nt and is responsible for nuclear localization 
of the MBNL2 protein.170 To investigate, which MBNL2 isoforms predominate in MCF-7 cells, I 
performed overexpression experiments, in which either GFP or one of the MBNL2 isoforms 
were overexpressed. For that, cDNA constructs were cloned into pCMV vectors.  Starting 
vectors, containing the sequences of the several MBNL2 isoforms170 were a kind gift from K. 
Sobczak. Overexpression of the MBNL2 isoforms indicates that MCF-7 cells prefer the 




Figure 4-22: MBNL2 isoforms. (A) MBNL2 isoforms are ranging from 38 to 41 kDa and are thus 
called MBNL2-38, MBNL2-39, MBNL2-40 and MBNL2-41. The isoforms differ in the inclusion of 
two exons, indicated in blue (54 nt) and yellow (95 nt). Figure modified from170. (B) Western 
blot after overexpression of the MBNL2 isoforms MBNL2-38, MBNL2-39, MBNL2-40 and MBNL2-
41 suggests preferred expression of MBNL2 isoforms 38 and 40. n=4. 
 
Since MBNL2 isoforms 40 and 41 could not be well differentiated, I took a look at the RNA 
sequencing data under normoxia and hypoxia in MCF-7 cells (Figure 4-23). MBNL2-40 and 
41 differ in the inclusion of exon 8 (95 nt). In normoxic MCF-7 cells 13 (11 and 2) reads were 
detected, in which exon 8 was included. Exon 8 was excluded in only one read. In hypoxic 
MCF-7 cells, exon 8 was included in 59 (47 and 12) reads, while it was excluded in only 6    
(5 and 1) reads. This indicates the preferred inclusion of exon 8 (95 nt) and thus, preferred 
expression of isoform MBNL2-40 instead of MBNL2-41. Further, exon 7 (36 nt) could be 
detected at low levels in MCF-7 cells. This isoform was not described in HeLa cells in the 
study by Sznajder et al..170 Due to the profound inclusion of MBNL2 exon 8 in MCF-7 cells 
MBNL2 isoforms 38 and 40 were used in further overexpression experiments in MCF-7 cells 







       ë exon 5 (54 nt)               ë exon 8 (95 nt) 
Figure 4-23: Sashimi plot shows preferential inclusion of exon 8 (95 nt) in MCF-7 mRNA. Sashimi 
plot was plotted using the Intregrated Genome Viewer. Mapped reads data from one replicate 
from normoxic and hypoxic MCF-7 cells was loaded into the Intregrated Genome Viewer and is 
representative for both replicates. Shown are detected reads over exon-exon junctions, which 
give information about the splicing patterns. MN = MCF-7 normoxia, MH = MCF-7 hypoxia. 
 
4.2.3.5 MBNL2 binds to the VEGFA 3’ UTR 
Under hypoxia, both, MBNL2 and VEGFA mRNA and protein levels are induced. Knockdown 
of MBNL2 further leads to reduced VEGFA mRNA, but also VEGF-A protein levels. To gain 
more insight into the mechanism by which MBNL2 is regulating VEGFA, we identified three 
potential MBNL2 binding sites within the VEGFA 3’ UTR (Figure 4-24). MBNL2 is known to 
bind clustered 5’-YGCY-3’ motifs with its two zinc finger domains, just like its paralog 
MBNL1.201 In the VEGFA 3’ UTR we found three such potential binding sites. To elucidate 
whether MBNL2 binds the VEGFA 3’ UTR, the potential binding sites and their flanking 
sequences were cloned into an ATP2A1 (Sarcoplasmic/endoplasmic reticulum calcium 
ATPase 1) minigene system. Cloning and the following ATP2A1 splicing assays were 

































Figure 4-24: Potential MBNL2 binding sites in the 3’ UTR of VEGFA. The potential binding sites of 
MBNL2 are marked in red. The cloned sequences are highlighted in blue. 
 
The ATP2A1 minigene system consists of a region from the ATP2A1 gene ranging from exon 
21 to 23 (Figure 4-25).202 Exon 22 is alternatively spliced depending on MBNL protein level. 
In the absence of MBNL proteins exon 22 is not included into the mRNA. The presence of 
MBNL1-40 leads to approximately 50 % inclusion of exon 22. The binding site of MBNL1 is 
located in intron 22 and in the ATP2A1 minigene system, it can be substituted by other 
potential binding sites. A stable helical region, which is located at the base of the binding site 
ensures independent folding of the binding site.  
 
Figure 4-25: ATP2A1 minigene system. The minigene contains ATP2A1 exon 21 to 23. A natural 
MBNL2 binding site is located within intron 22. In the minigene system, this binding site can be 
substituted by potential binding sites (BS) from other genes. A stable helical region (highlighted 
in blue) connects the BS with intron 22 to allow independent folding. The exons 21 and 23 are 
shown in black and are constitutive. Exon 22 (E22) is shown in grey and is an alternatively 
spliced exon. The inclusion level of E22 is dependent on the binding efficiency of MBNL proteins 
to the BS. 
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The observed ATP2A1 exon 22 inclusion levels in ATP2A1 splicing assays give information 
about the binding efficiency of the MBNL protein to the tested binding site. In the following 
ATP2A1 splicing assays the binding behavior of MBNL2 and its paralog MBNL1 to the 
identified binding sites in the VEGFA 3’ UTR should be examined. Experiments were 
performed in mouse embryonic fibroblast (MEF) cells with a double knock-out of both, 
MBNL1 and MBNL2. Plasmid-based expression of one MBNL protein alone allowed 
independent investigation of MBNL binding behavior. We chose MBNL2 isoform 40      
(MBNL-40) for these experiments since it is the most abundant isoform in MCF-7 cells. 
Expression of MBNL-40 led to 25% inclusion of exon 22 in the positive control with the 
natural MBNL binding site in the ATP2A1 minigene (Figure 4-26). When the construct 
without binding site, which serves as a control, was transfected, approximately 12% of 
mRNAs included exon 22. Insertion of VEGFA binding site 1 and 3 into the ATP2A1 minigene 
restored the inclusion level observed in the control (25%), indicating that MBNL2-40 is 
binding here. Insertion of VEGFA binding site 2 led to 18% inclusion, indicating that this 
binding site has a lower affinity for MBNL2 than the others. Accordingly, expression of 
MBNL2 isoform 38 showed similar results. Overexpression of GFP did not lead to ATP2A1 
exon 22 inclusion (Figure 4-26 C). Expression of MBNL1-40 led to 50% inclusion of exon 22 
in the positive control and thus, to more inclusion than MBNL2. This is in line with the 
expectations since MBNL1 is known to be the most potent splicing regulator among the three 
MBNL paralogs. Exon 22 inclusion was reduced to 24% in the negative control without 
binding site. Insertion of the VEGFA binding sites 1, 2 and 3 into the minigene led to inclusion 
levels ranging from approximately 32% to 40%. Hence, expression of MBNL1-40 did not 
restore the inclusion level from the positive control as seen for MBNL2-40, leading to the 
assumption that MBNL2 has a higher binding affinity to the tested MBNL binding sites in the 




Figure 4-26: MBNL2 binds the VEGFA 3’ UTR. (A) Splicing pattern of the ATP2A1 minigene in MEF 
cells with a double knock-out of MBNL1 and MBNL2 after plasmid-based expression of      
MBNL2-40, MBNL2-38 or MBNL1-40, respectively. BS = binding site. (B) Quantification of RT-
PCR results shown in (A). Statistical significance is given in reference to the minigene without 
MBNL binding site (w/o BS). PSI = percent spliced-in. n=3. (C) Overexpression of GFP does not 
lead to ATP2A1 exon 22 inclusion in the ATP2A1 splicing assay. (**) P value < 0.01. (*) P value 
< 0.05. 
 
In order to further investigate the MBNL2 binding behavior in our laboratory, I performed 
luciferase reporter gene assays. Cloning UTRs either 5' or 3' of the luciferase open reading 
frame in a luciferase reporter gene construct allows to investigate whether the cloned UTR 
has an influence on luciferase expression. An altered expression of the luciferase can be 
caused by an altered mRNA stability or by different translation efficiencies. For that purpose, 
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the complete 3’ UTRs from ALDOC and ITGA5 were cloned 3’ of the luciferase in a 
bidirectional reporter gene construct, which also codes for the Renilla luciferase as an internal 
standard. In addition, also parts from the VEGFA and LOX 3’ UTRs, which contain the 
predicted MBNL binding sites were cloned into the luciferase reporter gene vector. Several 
pre-tests in HeLa and HEK cells did not show effects after transfection of the luciferase 
reporter gene constructs together with MBNL2 overexpression or MBNL2 knockdown. Here, 
preliminary results from MCF-7 cells are shown. The cytoplasmic MBNL2 isoform 38 and 
cytoplasmic GFP, as a negative control, were chosen for overexpression in these experiments. 
Expression of the reporter gene constructs combined with MBNL2 overexpression did not 
result in any changes in luciferase expression (Figure 4-27 A). Accordingly, MBNL2 
knockdown had no influence on luciferase expression, when the 3’ UTR reporter gene 
constructs were used (Figure 4-27 B). As maybe translation is regulated we also tested 
5’ UTRs. Therefore, I cloned the complete 5’ UTRs of ITGA5, LOX and VEGFA into the 
luciferase reporter gene vector. Expression of the reporter gene constructs in combination 
with MBNL2 knockdown did not have an influence on luciferase expression (Figure 4-27 C), 
indicating that MBNL2 is not binding to these regions under the tested conditions. A role of 
MBNL2 in the regulation of mRNA stability or translation efficiency cannot yet be excluded, as 
the experiments shown were only performed once in MCF-7 cells and the experimental setup 




Figure 4-27: MBNL2 does not influence luciferase activity of target UTR fusion constructs.          
(A), (B) and (C) Luciferase activity is not changed upon overexpression of MBNL2 (A) or 
knockdown of MBNL2 (B and C) either when MBNL2 target mRNA 3’ UTRs (A and B) or 5’ UTRs 
(C) were cloned 3’ of the luciferase reporter gene. The shown standard deviation corresponds to 
the deviation between the technical duplicates. All values were normalized to luciferase 




4.2.3.6 MBNL2 controls alternative splicing of hypoxia-responsive genes 
Since MBNL2 is known as splicing regulator, we examined AS changes after MBNL2 
knockdown in our transcriptome analyses. 2,074 AS events were changed upon MBNL2 
knockdown (Figure 4-28 A), 393 of which also occurred after hypoxia treatment. The 
changed AS events after hypoxia treatment and MBNL2 depletion are preferentially changed 
in the opposite direction (349; 89%; Figure 4-28 B), indicating the importance of MBNL2 for 
hypoxia-induced AS. The majority of changed AS events after MBNL2 knockdown were 
cassette exons, which were increasingly included when MBNL2 was depleted, hinting at a 
repressive function of MBNL2. RT-PCRs were performed to verify AS changes after MBNL2 
knockdown in hypoxic MCF-7 cells. PIGN exon 2 inclusion was reduced under hypoxic 
conditions in comparison to normoxic conditions (Figure 4-28 C). Knockdown of MBNL2 
under hypoxia led to restoration of the splicing pattern observed under normoxia. Here, 
MBNL2 is sufficient to reverse the hypoxia-induced splicing change in MCF-7 cells, 
demonstrating the important role of MBNL2 in AS under hypoxia.  
 
 
Figure 4-28: MBNL2 controls hypoxia-dependent AS. (A) Comparison of AS changes after hypoxia 
treatment of MCF-7 cells and AS changes after MBNL2 knockdown. 393 changed events are 
shared between both cohorts. (B) The changed AS events are preferentially regulated in the 
opposite direction. (C) PIGN exon 2 inclusion is reduced after hypoxia treatment in MCF-7 cells 
and is restored after MBNL2 depletion. The short PCR product (100 bp) corresponds to the exon 
skipping isoform, while the long isoform (160 bp) corresponds to the exon inclusion isoform. 






4.2.4 MBNL2 promotes cancer cell proliferation and migration 
The data point towards an important role of MBNL2 in cancer cell adaptation to hypoxia. In 
order to investigate the role of MBNL2 in physiological cancer cell functions, I performed cell 
viability as well as cancer cell migration assays. The cancer cell viability was investigated in 
crystal violet assays after MBNL2 knockdown and cisplatin treatment of the hypoxic cancer 
cells. Cisplatin or also called cis-diamminedichloroplatinum(II) is commonly used in the 
chemotherapy of different cancer types including lung, bladder, ovarian or neck cancer.203,204 
Cisplatin reacts with purine bases in the DNA forming crosslinks, which inhibit DNA 
replication and repair, thus leading to apoptosis.204 However, DNA damage caused by cisplatin 
is not irreversible, but can be reversed by mismatch or nucleotide excision repair.205 In cancer 
therapy, cisplatin is commonly used in combination with other drugs, promoting therapeutical 
sensitivity of cancer cells.205 Furthermore, cisplatin is used in research to sensitize cancer cells 
for other treatments. Therefore, I combined cisplatin and siMBNL2 treatment in order to 
investigate whether MBNL2 is implicated in cancer cell proliferation. The combined siMBNL2 
and cisplatin treatment of A549 and MCF-7 cells led to a significant reduction in cancer cell 
proliferation under hypoxia (Figure 4-29 A and B), proving the influence of MBNL2 on 
cancer cell proliferation. Cancer cell viability assays were performed by K. Wlotzka in the 
context of her bachelor thesis.206 
In addition, the influence of MBNL2 on cancer cell migration was examined in transwell 
assays. Knockdown of MBNL2 dramatically reduced migration of A549 cells (Figure 





Figure 4-29: MBNL2 promotes cancer cell proliferation and migration. (A) Cell viability of 
normoxic A549 and MCF-7 cells transfected with a nonsilencing control siRNA (siCTRL) is only 
slightly reduced by cisplatin treatment in the indicated concentrations for 24 h. (B) Knockdown 
of MBNL2 significantly reduces cell viability after cisplatin treatment for 24 h. Absorption was 
normalized to normoxic control cells with the respective cisplatin concentration. n=3. (C) 
Quantification of migrated A549 cells in a transwell assay after knockdown of MBNL2. Cells were 
stimulated with 100 ng/µl hEGF. n=3. (D) Representative pictures of migrated A549 cells. 
Original images were colored in magenta to visualize crystal violet staining. (**) P value < 0.01, 





5.1 Auto- and cross-regulation of the hnRNPs D and DL 
RBPs regulate all steps of mRNA processing, including pre-mRNA splicing, localization, 
stability and translation. The homeostasis in RBP levels is essential for correct mRNA 
processing and is often achieved by autoregulation in a negative feedback loop. 
Autoregulation and also cross-regulation by AS-NMD is documented for PTB (hnRNP I) and 
nPTB (neural hnRNP I)98 or hnRNP L and hnRNP LL.99 Autoregulation of hnRNP DL and cross-
regulation with its paralog hnRNP D were investigated in this study. 
 
5.1.1 Autoregulation of hnRNP DL 
Previous studies suggested that hnRNP DL regulates its own expression in a negative feedback 
loop.147 It contains an ultraconserved poison exon in its 3’ UTR. Translation inhibition using 
puromycin led to increased inclusion of this exon into the hnRNP DL mRNA. Further, UPF1 
knockdown led to accumulation of the hnRNP DL exon 8 inclusion isoform. Overexpression of 
a GFP-hnRNP DL fusion protein led to increased hnRNP DL exon 8 inclusion, while the 
exclusion isoform was downregulated, indicating hnRNP DL autoregulation. Inclusion of exon 
8 into the hnRNP DL mRNA leads to the introduction of a PTC and subsequent degradation of 
the mRNA via NMD. To confirm the splicing regulation by hnRNP DL, RNA binding protein 
immunoprecipitations (RIPs) were performed in this study. The RIPs clearly showed binding 
of hnRNP DL to its own pre-mRNA (Figure 4-1). In future studies, the exact binding site of 
hnRNP DL on its own pre-mRNA could be identified.. In general, RIP experiments can give 
information about the binding position of RBPs. Fragments containing the binding site are 
usually higher enriched in RIPs because the mRNA is degraded from the sites with the highest 
distance to the immunoprecipitated protein. In the experimental setup in this study, two 
different oligonucleotide pairs (DL pre-mRNA_1 and DL pre-mRNA_2) were used to amplify 
the hnRNP DL pre-mRNA fragment from the RIP samples. The designed oligonucleotides are 
close to one another and do not show differences in enrichment of the pre-mRNA. 
Oligonucleotides, which are located further apart, for example in intron 7 instead of intron 8, 
might make it possible to see differences in the fragment enrichment. Further, the exact 
hnRNP DL binding site could be determined by PAR-CLIP (photoactivatable-ribonucleoside-
enhanced crosslinking and immunoprecipitation). This method already enabled binding site 
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identification for several RBPs.207 During PAR-CLIP photoactivatable nucleosides are 
incorporated into nascent RNA, which allows crosslinking between RBPs and bound RNAs. 
Thymidine to cytidine transitions occur and can be tracked in deep sequencing, indicating 
RBP binding locations. Further, the hnRNP DL binding site on its own mRNA could be 
identified in minigene splicing assays, in which the splicing behavior is assessed. Deletion of 
the hnRNP DL binding site in this assay would inhibit splicing regulation by hnRNP DL. In this 
way, the binding motif could be defined.  
Moreover, there are also autoregulation mechanisms other than AS-NMD. For example,    
TDP-43 regulates its own expression by binding to its own 3’ UTR. Binding leads to inhibition 
of the proximal polyA site and activation of another polyA site preventing TDP-43 
expression.208 Further, PABPN1 regulates its own expression via intron retention and 
subsequent nuclear pre-mRNA decay in an NMD-independent manner.209 These mechanisms 
seem not to be used in the case of hnRNP DL since hnRNP DL exon 8 inclusion isoform is 
enriched after UPF1 knockdown, clearly demonstrating the involvement of the NMD 
machinery in hnRNP DL degradation. In addition, no other hnRNP DL 3’ UTR isoforms were 
detectable in HeLa cells. 
 
5.1.2 Cross-regulation of the hnRNPs D and DL 
RNAi experiments in this study showed increased hnRNP D protein and mRNA levels after 
hnRNP DL knockdown and vice versa. In addition, the NMD-isoforms containing hnRNP D 
exon 9 or hnRNP DL exon 8 were reduced after knockdown of the other paralog (Figure 4-2). 
These findings show the cross-regulation between hnRNP D and DL via AS-NMD. 
Interestingly, knockdown of hnRNP D has a bigger effect on the hnRNP DL protein level than 
the knockdown of hnRNP DL on the hnRNP D protein level. Possibly, basal levels of hnRNP D 
and DL influence the degree of the cross-regulation. The basal levels of hnRNP D or DL and 
also the basal levels of the poison exons, depend on the cell type and are further affected by 
stress conditions, for example by hypoxia (see Figure 4-10). In HeLa cells for example, the 
hnRNP DL exon 8 inclusion isoform is easily detectable via RT-qPCR, but levels of the hnRNP 
D exon 9 inclusion isoform are hardly detectable in comparison to the exon 9 exclusion 
isoform. Moreover, cross-regulation without changes in splicing could be observed, when 
hnRNP D isoform 37 was overexpressed.97 This isoform is predominantly present in the 
cytoplasm, indicating that another layer of cross-regulation, independent from NMD, could be 
 
 65 
exerted here. Cytoplasmic hnRNP D and DL protein isoforms might bind to AREs in the 3’ UTR 
of the other paralog leading to ARE-dependent decay.210,211 HnRNP D isoform expression and 
their distribution within the cell are tissue-specific212 and can change under stress 
conditions213 or can be deregulated in cancer.214 Thus, hnRNP D and DL isoforms and their 
localization within the cell could also play a role in the cross-regulation. To further underline 
the cross-regulation, enrichment of hnRNP D pre-mRNA in hnRNP DL RIP samples could be 
investigated and would prove direct binding. In RIP experiments, it could also be investigated, 
which hnRNP D isoforms are bound by hnRNP DL. 
In an RNA sequencing after hnRNP DL knockdown in HUVECs in our laboratory, novel    
hnRNP DL target genes were identified. These were mainly implicated in cell proliferation, 
cytoskeleton remodeling and angiogenesis.187 Comparison of the identified target mRNAs with 
known hnRNP D targets showed an overlap. For example, CCND8, CDCA8 and FOS are known 
to be destabilized by hnRNP D.215 Interestingly, these mRNAs are stabilized by hnRNP DL 
since their mRNA levels are reduced after hnRNP DL knockdown.187 These findings indicate 
that hnRNP D and DL are not fully redundant, but in part antagonistic. Thus, although 
hnRNP D and DL seem to complement each other in their splicing function, they might oppose 
each other in mRNA destabilization. Details of the functional overlap or antagonism remain to 
be elucidated in further studies. A knockdown of hnRNP D was established in this thesis and 
will help to perform RNAi experiments in HUVECs and HeLa cells to assess their antagonistic 
function in target mRNA regulation. Hypothetically, target mRNAs like CCND8 should be 
decreased after hnRNP DL knockdown, but increased after hnRNP D knockdown since hnRNP 
D is expected to destabilize its target mRNAs and our RNA sequencing data point towards a 
stabilizing function of hnRNP DL in some cases. Further, it could be assessed whether hnRNP 
D and DL have the same binding site and displace each other when one paralog is 
predominantly present or if they bind adjacently and define mRNA fate through another 
mechanism. 
 
5.1.3 Role of hnRNP DL in endothelial cell function 
An RNA sequencing after hnRNP DL depletion in HUVECs187 led to the identification of 
hnRNP DL target genes, implicated in cell proliferation, cytoskeleton remodeling and 
angiogenesis. To investigate the role of hnRNP DL in these endothelial cell functions, I have 
established a transwell HUVEC migration assay as well as a HUVEC spheroid sprouting assay. 
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Performing these assays, I demonstrated the importance of hnRNP DL in endothelial cell 
migration and angiogenesis for the first time. Strikingly, depletion of hnRNP DL led to a 
dramatic decrease of HUVEC migration and HUVEC spheroid sprouting (Figure 4-3 and 
Figure 4-4). 
Previously, the physiological role of hnRNP DL in cancer cell functions was investigated. It 
could be shown that hnRNP DL is promoting cancer cell proliferation in chronic myeloid 
leukemia cells.153,154 HnRNP DL is also regulating cell proliferation in HUVECs, as could be 
shown in previous studies in our laboratory.147 Strikingly, a role of hnRNP DL in cell migration 
or angiogenesis has not been supposed so far, indicating the novelty of my findings. 
There are few hnRNPs, which have been shown to be involved in migration and angiogenesis 
so far. HnRNP K has been identified to promote cell movement and angiogenesis by inducing 
genes involved in these mechanisms in fibrosarcoma cells, for example the matrix 
metallopeptidases Mmp3 and Mmp10 or Ctgf (connective tissue growth factor, thymosin).216 
Further, hnRNP A2 promotes cancer cell migration via AS.217 PTB (hnRNP I) is implicated in 
cell migration and attachment in mouse embryonic fibroblasts.218 A potential role of the 
hnRNP DL paralog hnRNP D in migration has been proposed in osteosarcoma cells. Here, 
miR-141 and miR-146b-5p lead to destabilization of hnRNP D and subsequently to reduced 
U2OS cell migration and invasion.219 Since hnRNP functions are highly cell type-dependent, 
the role of hnRNP D in HUVEC migration remains to be elucidated. However, if hnRNP D is 
promoting cell migration, as also shown for hnRNP DL in this study, both paralogs will 
probably enhance the level of transcripts involved in cell migration. Then, hnRNP D and DL 
would be redundant, here. 
In contrast, a role of the hnRNP DL paralog hnRNP D in angiogenesis has not yet been 
reported. Nevertheless, hnRNP D is important for inflammatory responses, which could also 
have an impact on angiogenesis.220 Interestingly, hnRNP D represses VEGFA expression in 
macrophages,221 pointing towards an anti-angiogenic function of hnRNP D, since VEGFA is a 
positive regulator of angiogenesis. These findings might reinforce the hypothesis of hnRNP D 
and DL being antagonists. 
In this study, it was shown that the pro-angiogenic factor VCAM1 is an hnRNP DL target since 
its expression is dramatically reduced, when hnRNP DL is depleted (Figure 4-5). VCAM1 was 
also identified as hnRNP D target in bovine aortic endothelial cells.222 There, overexpression of 
hnRNP D led to increased VCAM1 levels. This is interesting since hnRNP D is mainly 
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repressing its targets by reducing their mRNA stability.134 However, if hnRNP D and DL share 
VCAM1 as a target mRNA, they might act synergistically in the regulation of angiogenesis. 
All together, it is not clear by now, whether hnRNP D and DL share their targets and thus, 
their functions. In addition, the role of hnRNP D in endothelial cell migration and 
angiogenesis has not yet been demonstrated. In future experiments, the role of hnRNP D in 
endothelial cell function could be assessed to gain more insight into the interplay between the 
two paralogs hnRNP D and DL. 
 
5.2 Hypoxia-driven gene expression changes in human cancer cells 
Hypoxia is a typical feature of solid tumors. In afflicted cells, hypoxia triggers specific gene 
expression programs, which sustain cell survival by inducing cell migration, tumor 
angiogenesis and escaping apoptosis. The transcriptional response to hypoxia by HIFs is well 
studied. Recent advances focus on posttranscriptional gene expression changes under 
hypoxia. However, there is still a profound knowledge gap when it comes to AS under 
hypoxia. Thus, this study focused on changes in splicing factor expression as well as in AS in 
human hypoxic cancer cells. 
 
5.2.1 RNA sequencing preparation 
Before performing RNA sequencing after hypoxia treatment, preliminary decisions concerning 
the used cancer cell types, cell culture as well as hypoxia and sequencing conditions had to be 
made. In the following chapters (5.2.1.1 - 5.2.1.4), these decisions on the used conditions are 
explained and discussed. 
 
5.2.1.1 Cancer cell types 
A549 lung and MCF-7 breast cancer cell lines were chosen for this study (see chapter 4.2). 
These cell lines were chosen, since they do not exhibit mutations or deletions in the HIF 
pathway and in the major splicing factor families, which are hnRNPs and SR proteins, 
according to the database www.cBioPortal.org.223,224 This was a prerequisite for this study, 
since I wanted to investigate hypoxia-driven changes in the RBPome and in AS within the 
context of a physiological transcriptional response to hypoxia as well as splicing programms. 
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This prerequisite should exclude secondary hypoxia-induced effects exerted by deregulated 
splicing factors or by an abberant HIF signaling. The SR protein SRSF1 (also known as 
SF2/ASF) is overexpressed in many cancer types and its deregulation has an influence on the 
AS program.225  Mutations in the HIF pathway are known for clear cell renal cell carcinomas 
(ccRCC).226,227 Analysis of hypoxia-driven changes in the RBPome and in AS require a correct 
transcriptional response to hypoxia. Thus, cell lines with HIF mutations including ccRCC were 
excluded from this study. Moreover, breast cancer causes the most cancer-related deaths in 
women. In addition, lung cancer causes the second most cancer-associated deaths in women 
and most in men.191,192 So these are the most severe types of cancer. Among other factors, this 
is due to hypoxic regions in the tumor, which are hardly accessible to drugs and also resistant 
to radiotherapy.228 A broader insight into hypoxia-driven gene expression and AS changes 
might thus start new approaches in breast and lung cancer research. 
In this study, a hypoxia test system for A549 and MCF-7 cells was developed. It is possible and 
desirable that also other cancer cell types will be implemented in the test system in future 
studies. Results from these studies could be compared to results from this study. Comparison 
might give insight into universal gene expression programs, which are initiated in a gros of 
different cancer cell types. For example, the universal role of MBNL2 in cancer cell adaptation 
to hypoxia, which I suggest in this study, could be confirmed in cell types, other than A549 
and MCF-7. Further, this study showed highly cell type-specific AS programs under hypoxia. 
The investigation of more cancer cell lines in our test system might lead to identification of 
cancer types with big overlaps between their hypoxia-driven AS changes. In addition, other 
lung and breast cancer cell lines could be examined to assess differences in the adaptation to 
hypoxia between different subclasses of one cancer cell type. 
 
5.2.1.2 Cell culture conditions 
For the RNA sequencing, I chose to take samples from 2D cancer cell cultures. 2D cell culture 
is commonly used in basic research to gain first insight into new mechanisms.229 In the field of 
cancer research, recent publications described the use of 2D cancer cell culture, for example 
of ccRCC 181, different breast cancer cell lines 179,182 or different prostate cancer cell lines.178 2D 
cell culture bares the advantage of high conformity. Hypoxic conditions for example are the 
same for cells within one sample. This is advantageous for transcriptome analyses since 
expected variations between individual cells are smaller. Recently, 3D tumor models have 
 
 69 
become common as well but usually they exhibit heterogenic areas with varying oxygen or 
nutrient concentrations or unstable pH conditions, which complicates transcriptome analyses 
of a 3D cell population. These circumstances might produce hypoxia-independent effects on 
gene expression. Therefore 3D culture was not chosen as experimental condition in this study. 
However, new mechanisms or specific targets, identified in 2D cultures, should later be 
analyzed more in detail in more complex systems like 3D cultures. Hypoxia treatment is 
sometimes not needed in 3D tumor models since tumor spheroids exhibit hypoxic regions, but 
only if they exceed a diameter of at least 200 µm.230 Then, the composition of the spheroids 
comes close to the actual tumor composition.231 The characteristics of 3D cultures are 
especially useful for drug testing since three-dimensional tissues behave way different than 
two-dimensional cell layers.232,233 Many scientists take advantage of both approaches, 2D and 
3D culture, to examine tumor growth and invasion as was done in hepatocellular carcinoma 
cells.180  Another approach to increase physiology of cancer cell cultures includes co-culture of 
fibroblasts or other cells, which normally surround and intersperse tumor tissue.234 
Comparison of microarray data from hypoxic human bladder cancer cells in 2D cell culture 
with data from patient samples revealed a concordance between in vitro and in vivo 
transcriptomes, showing that 2D cell culture delivers valuable insight into transcriptome 
changes.235 However, there were also unique expression patterns in some patients. The tumor 
spheroid forming capacity of A549 and MCF-7 cells was tested during this study. Both cell 
lines are suited for 3D culture and have already been used for the formation of tumor 
spheroids in other studies.229 In this thesis, the approach was not pursued further since the 
delivery of RNAi constructs to 3D cultures is challenging. A better approach to perform loss-
of-function studies in 3D cell culture involves the generation of stable knock-out cell lines.  
The flexibility of 2D cancer cell cultures was used in this study to conduct a transcriptome 
analysis after chronic hypoxia treatment of lung and breast cancer cells. The aim was to 
achieve a comparable dataset of hypoxia-driven changes in RBP expression and in AS. As a 
next step, 3D cell culture techniques can be established with the used cell types for the 
investigation of tumor growth or invasion. 
 
5.2.1.3 Hypoxia conditions 
As a pre-test, in this study, VEGFA and hnRNP M mRNA levels after hypoxia treatment were 
observed (Figure 4-6). Both mRNAs should change their abundance under hypoxia. The 
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reduction of hnRNP M mRNA level was observed in previous studies and here, a hypoxia-
driven change in hnRNP M mRNA abundance should assure that changes on the splicing 
factor level can be detected in our test system. Chronic hypoxia was chosen as condition for 
experiments in this study (see chapter 4.2.1), since hnRNP M mRNA was affected by hypoxia 
in A549 cells only after 48 h.  Chronic hypoxia, especially diffusional hypoxia, is typical for 
cancer cells, which are located far away from the vascular system within a tumor.236 Most 
tumor cells underlie varying oxygen concentrations due to rapidly proliferating cancer cells 
and tumor angiogenesis.63 Thus, acute hypoxia affects many cells in the dynamic cancer tissue 
as well.237 Acute hypoxia is associated with aggressive tumor phenotypes since it induces 
tumor growth and metastasis.237,238 HIF-1α is predominantly present during acute hypoxia. 
Chronic hypoxia leads to restoration of normoxic HIF-1α levels, while HIF-2α is induced.239 In 
future experiments, it could be tested, whether acute hypoxia causes the same or different 
changes in the RBPome and in AS than chronic hypoxia. 
Further, a hypoxia incubator was used in this study. The cells must be removed from the 
hypoxia incubator for sample preparation. It takes a few minutes until the samples are 
prepared. During this time the samples are exposed to normoxia. Some proteins are rapidly 
degraded under hypoxia. The HIF-1α protein for example has a half-life of approximately 
5 min under normoxia.240 Thus, using a hypoxia working bench would be advantages to detect 
rapidly degraded proteins and might be a profitable investment for the future since the 
working bench also allows for sample stimulation etc. under hypoxic conditions. 
 
5.2.1.4 RNA sequencing conditions 
In general, two main RNA sequencing conditions can be distinguished: Ribosomal RNA 
depletion (Ribo-Zero) and poly(A)-selected RNA-sequencing.241 The methods differ in the 
RNA processing before cDNA library preparation. Both methods aim for the reduction of 
rRNAs in the samples.242 RRNAs are the most abundant transcripts in total RNA preparations 
and might complicate the investigation of mRNAs since most of the sample reads would be 
rRNAs.243 During Ribo-Zero ribosomal RNA depletion rRNAs are removed by hybridization 
capture followed by binding to magnetic beads.242 During poly(A) selection oligo (dT) primers 
are used to enrich for polyadenylated [poly(A)] RNA transcripts. This leads to elimination of 
all non-polyadenylated transcripts, which are partly biological relevant, like circRNAs. 
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Further, poly(A) enrichment is not suitable for samples containing partially degraded mRNAs, 
for example formalin-fixed and paraffin-embedded samples from tissues.242 
For our initial RNA sequencing after hypoxia treatment of A549 and MCF-7 cells, we chose 
Ribo-Zero as method for rRNA depletion, because we wanted to examine non-coding RNAs, 
like circRNAs, which would have been removed during poly(A) enrichment. Mature miRNAs 
are too short to be detected in this experimental setup. It is possible to add linker sequences 
to miRNAs before sequencing to increase their length. Hypoxia-relevant miRNAs have already 
been subject of several studies, so they were not the focus of this thesis. 
After the identification of MBNL2 as a major regulator of transcript abundance and AS under 
hypoxia, our focus shifted towards mRNAs. This is why we chose poly(A) enrichment as 
method for rRNA depletion in our second RNA sequencing after MBNL2 knockdown in MCF-7 
cells. 
In both RNA sequencing experiments, we chose to use single-end reads instead of paired-end 
reads. Using single-end reads, fragments are sequenced from one site. Using paired-end reads 
one fragment is sequenced from both sites.244 Usually, paired-end reads are used to identify 
novel transcripts or to study poorly annotated transcriptomes.195 Single-end reads are cheaper 
and the method of choice for well-annotated transcriptomes.195 
The statistical power of such whole transcriptome approaches depends on the experimental 
design. Several factors like number of replicates, sequencing depth and effect size influence 
the statistical power.195 Two replicates were deep sequenced in this study. The use of only two 
replicates carries the risk that strong differences between the replicates can be detected and 
should only be chosen if the effects are easily reproducible. Approximately, 100 million and 
80 million reads (initial and second RNA sequencing) were achieved as sequencing depth in 
this study to allow for the detection of transcripts with low expression level. Further, this 
study focused on effects greater than 1.5-fold to guarantee statistical power and physiological 
relevance. Moreover, RNA quality is essential for transcriptome analyses and has been 
checked in this study. Hypoxia-induced effects on transcript abundance, observed in the 
transcriptome analyses in this study, could easily be validated as shown for several mRNAs in 
the results chapter (for example Figure 4-8 and Figure 4-16). However, that was different 
with the AS changes. Approximately only half of the predicted hypoxia-dependent AS changes 
could be reproduced in RT-PCRs. Either the level of one of the expected isoforms was too low 
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or the isoforms were amplified correctly, but there was no difference between the normoxia 
and hypoxia samples.  
As a conclusion from this study, I suggest the chosen sequencing conditions are suitable for 
the investigation of transcript abundance. Since it was not easy to validate all identified 
hypoxia-driven AS changes, I would recommend to sequence three replicates in order to 
assess AS changes. In addition, increasing the sequencing depth, using poly(A) enrichment or 
paired-end reads could also improve the reproducibility of identified AS changes. 
 
5.2.2 RNA sequencing after hypoxia treatment 
The following chapter discusses the results from the RNA sequencing after hypoxia treatment 
of A549 and MCF-7 cells. The sequencing was conducted using two biological replicates for 
each condition. RRNA was depleted and approximately 100 million reads were achieved per 
sample. In this chapter, I will discuss gained insights into differentially expressed transcripts, 
including non-coding RNAs and hypoxia-driven AS.  
 
5.2.2.1 Differential gene expression under hypoxia 
Regarding transcript abundance under hypoxia, A549 and MCF-7 cells react very similarly 
(see chapter 4.2.2.1). Since HIF response genes should be regulated in A549 and MCF-7 cells 
under hypoxia, a large overlap was to be expected. RNA sequencing approaches have made it 
easy to compare whole cancer transcriptomes.245 The revolution in next generation sequencing 
techniques opens up new opportunities for the identification of new biomarkers and 
therapeutic targets.246 It has also become easier to compare whole transcriptomes with each 
other. The Oncomine database247 compares cancer expression profiles and has revealed 
general hypotheses regarding cancer gene expression comparability: 1) Based on global gene 
expression pattern cancer cells can be distinguished from normal cells of the same type. 
2) Cancer subtypes show distinct gene expression patterns. 3) Gene expression profiles from 
primary tumors give information about metastasis, survival and treatment response.248 
General differences between A549 and MCF-7 gene expression patterns under normoxia, 
which are expected according to the second hypothesis, were confirmed in our transcriptome 
analyses. 15,684 transcripts were shared by both cell types (see chapter 4.2.2.1). Under 
hypoxia, 1,224 of the shared transcripts were differentially expressed (fold change>1.5 and 
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padj<0.05), but in addition 1,266 and 3,279 transcripts were differentially expressed only in 
A549 or MCF-7 cells, respectively. These numbers are higher than the amount of shared 
differentially expressed transcripts, especially in MCF-7 cells, indicating that investigating the 
independent response to hypoxia of A549 and MCF-7 cells might yield further RBPs, which 
might be important in the adaptation to hypoxia. However, stating that the hypoxia response 
of A549 and MCF-7 is similar, is correct since 91% of the shared differentially expressed 
transcripts are regulated in the same direction. 
In a transcriptome analyses after acute (4 h) and chronic (24 h) hypoxia treatment of MCF-7 
cells with 1% O2, Han et al. identified 903 differentially expressed genes under acute hypoxia 
and 1,420 differentially expressed genes under chronic hypoxia in MCF-7 cells.249 397 of them 
were shared between the two conditions and were mainly regulated in the same direction 
(378, 95%). Since transcript levels were considered as changed when they were changed at 
least 1.5-fold, the study by Han et al. is in part comparable to our study. However, when 
comparing with the data by Han et al., it is important to keep in mind that only one replicate 
was sequenced in their study. Interestingly, we found 4,503 differentially expressed 
transcripts in MCF-7 cells after 48 h of hypoxia treatment, which is a significantly higher 
amount. This might be due to the lower oxygen level in this study (0.5% compared to 1% O2 
in the study by Han et al.) and to the longer incubation time (48 instead of 4 or 24 h). 
Further, also other factors influence the gene expression such as cell culture confluency, 
media, pH and others. Thus, transcriptome analyses, which were conducted under different 
conditions will always be hard to compare. 
This study focuses on RBPs as major mediators of posttranscriptional regulation. Under 
hypoxia, RBPs were mainly downregulated. RNA sequencing revealed changed RBP mRNA 
levels (Table 4-1). In addition, extensive Western blot analyses have shown reduced RBP 
protein levels for many hnRNPs (Figure 4-10). Previously, changed SR protein levels under 
hypoxia have been shown.250 Interestingly, hypoxia influences not only the levels of SR 
proteins, but also increases their phosphorylation, changing their pre-mRNA splicing 
activities.251,252 Thus, hypoxia has a major impact on the two splicing factor families and 
subsequently on AS. It is known that processes like DNA replication, transcription or 
translation are downregulated under stress conditions, for example under hypoxia, oxidative 
stress, UV-light or under the influence of stressing substances like heavy metals.253 This could 
also be seen in our RNA sequencing (Supplementary Figure 11-1). Studies have shown that 
stress stimuli, for example heat shock, inhibit pre-mRNA splicing and affect the expression of 
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RBPs.253 The extent of the shut down of splicing depends on the severity of the stress 
conditions. In this study, I confirmed that chronic hypoxia treatment (48 h, 0.5% O2) does not 
impair cell viability (Figure 4-7), but still hypoxia is a strong stress factor. That can be seen 
from the fact that ribosome biogenesis and DNA replication as well as repair are reduced 
under hypoxia. Further, Han et al. did not state generell reduction of RBPs under hypoxia.249 
They mentioned differential expression of RBM43, RBM24, RBPMS2 and FUS under hypoxia. 
RBM42 was induced, while the other three mentioned RBPs were downregulated on the 
mRNA level upon hypoxia. Western blot analyses revealed only reduction of RBM24 and 
RBPBS2. RBM43 protein level was unchanged and FUS protein was induced under hypoxia 
instead of reduced. Here, the authors suggested a role of translation regulation. In addition, 
Han et al. found decreased MBNL3 mRNA level under hypoxia, but they could not detect 
MBNL3 protein.  
This study focused on shared differentially expressed RBPs under hypoxia and identified 
MBNL2, PTRF and SAMD4A as the only three RBPs, induced under hypoxia (Figure 4-11). 
PTRF is a component of caveolae structures on plasma membranes and is involved in the 
release of rRNAs and RNA polymerase I. PTRF was found to suppress the tumorigenesis of 
colorectal cancers by reducing the phosphorylation of AKT, mTOR and MMP-9.254 
Interestingly, hypoxia inhibits PTRF expression in adipocytes, which is in contrast to our 
findings.255 SAMD4A regulates translation and mRNA decay of its target mRNAs by binding to 
smaug recognition elements.256 SAMD4A has not yet been connected to hypoxia, but its 
induction was observed in Topotecan-resistant ovarian cancer cells.257 Topotecan is a cancer 
therapeutic, which blocks HIF-1α and VEGF expression.258 Among the three induced RBPs 
under hypoxia, MBNL2 stood out since it is the only typical splicing regulator. In addition, 
MBNL2 was of interest for us since it is also disease-associated. MBNL2 is deregulated during 
DM and has recently been found to be also involved in tumor progression (see chapter 5.2.8). 
This is why I focused on MBNL2 in further experiments.  
 
5.2.2.2 Hypoxia-driven AS changes 
Hypoxia-driven AS changes in A549 and MCF-7 cells differed strongly (see chapter 4.2.2.2), 
highlighting the cell type specificity of AS programs. Previous studies concerning hypoxia-
driven AS were conducted in endothelial cells184, mesenchymal stem cells185 and 
hepatocellular carcinoma cells186. The small overlaps of previous studies pointed towards clear 
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differences in AS between different cell types. Recently, an AS analysis under hypoxia in   
MCF-7 breast cancer cells has been published.249 Here, MCF-7 cells were incubated under 
acute hypoxia for 4 h or under chronic hypoxia for 24 h with 1% O2. Han et al. chose to 
conduct RNA sequencing with just one replicate, baring the risk that identified AS changes are 
hard to reproduce. During acute and chronic hypoxia Han et al. discovered 2,005 and 1,685 
changed AS events. In A549 and MCF-7 cells after 48 h of chronic hypoxia treatment 2,225 
and 4,206 AS events were changed. The changed AS events in our study might be higher since 
we considered AS events as changed if the change in PSI was 10% or higher and Han et al. 
considered AS events as changed if the change in PSI was 15% or higher. Interestingly, in the 
study by Han et al., intron retention was the most abundant AS change (62%) in both, acute 
and chronic hypoxia, which is in contrast to our RNA sequencing data, which showed that 
exon skipping is the most abundant AS change (54 and 56% in A549 and MCF-7). Possibly, 
the downregulation of the splicing machinery under hypoxia leads to inhibited splicing and 
thus, to the observed intron retention after acute (4 h) and short-time chronic (24 h) hypoxia, 
which has also been observed under other stress conditions such as heat shock.259 In later 
chronic hypoxia phases (48 h), as examined in our study, the splicing inhibition might shift 
towards a cell type-specific AS program and cells adapt to hypoxia, sustaining cell survival. 
This cellular adaptation phase is also typical for heat shock.260 In line with our findings, Han et 
al. demonstrated that exon skipping dominates over exon inclusion under hypoxia in MCF-7 
cells. Further, Han et al. identified differences in the direction of changed AS events between 
acute and chronic hypoxia, indicating that differences between 24 h and 48 h of hypoxia 
treatment might be plausible. Additionally, Han et al. found differences in AS between MCF-7 
and other cancer cell lines, confirming our finding that AS programs are highly cell type-
specific. 
Sena et al. performed an exon aray in hepatocellular carcinoma cells after hypoxia treatment 
(1.5% O2, 12 to 16 h).186 They found that exon skipping is the most commonly changed AS 
event under hypoxia with 51%, while only 11% of the changed AS events are retained introns, 
which is in line with our findings. 
In this study, I chose CENPE, PTBP2 and PUSL1 for the validation of hypoxia-driven AS events. 
All three AS events showed regulation in the same direction in both cell types. In addition, 
expected differences in exon inclusion (PSI) were above 10%, so that they should be 
detectable in the gel analyses after RT-PCR. In general, these criteria also met other AS 
events, which I could not validate via RT-PCR. AS events are very sensitive and thus, harder to 
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reproduce than changes in transcript abundance. The three validated hypoxia-driven AS 
events are cancer related. Centromere-associated protein E (CENP-E) is implicated in 
chromosome alignment and has been identified as potential target for cancer therapy.261 
PTBP2 (polypyrimidinetract-binding protein 2) is an RNA-binding protein itself and a 
potential oncogene with a positive effect on cancer cell growth.262 PUSL1 (tRNA 
pseudouridine synthase-like 1) expression varies in different stages of liver cancer, indicating 
that it could play a role in cancer progression, there.263 
Changed AS events are a potential biomarker and interesting for future therapies. The next 
step in the investigation of hypoxia-driven AS changes in human cancer cells, would be to 
identify cancer-driving AS events. Here, AS events in known tumor suppressors and 
oncogenes might be considered. Further, AS events under hypoxia in cancer cells can be 
compared with AS changes under hypoxia in non-cancerous cells. For example, hypoxia-
driven AS changes in cancer cells could be compared to hypoxia-driven AS changes in 
endothelial cells, which were identified by Weigand et al..184 Overlapping AS events might be 
excluded from further analyses since they might be hypoxia-related, but not cancer specific. 
The identified cancer-related changed AS events under hypoxia in cancer cells might be 
potential new targets for cancer therapy. AS events are already exploited in therapies, for 
example for the therapy of Duchenne muscular dystrophy or spinal muscular dystrophy, 
where antisense oligonucleotides are used to eliminate specific transcripts.117,118  
Known cancer-related AS events that could be exploited in therapies occur for example in the 
receptor tyrosine kinase RON. Here, skipping of exon 11 leads to formation of a constitutively 
active isoform of RON.264 This isoform is enriched in breast and colon cancer. SF2/ASF is 
implicated in the formation of the constitutively active isoform and is thus promoting cancer 
cell migration.264 Further, VEGFA splicing is changed under hypoxia, from anti-angiogenic to 
pro-angiogenic isoforms.110,111 The cassette exons 6 and 8 from the CD44 transmembrane 
glycoprotein are also alternatively spliced under hypoxia, promoting tumor progression and 
metastasis in breast cancer cells.265  
 
5.2.2.3 Non-coding RNAs 
In our RNA sequencing after hypoxia treatment poly(A) enrichment was not performed before 
cDNA library generation to have the possibility to also examine non-coding RNAs.  
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6,784 non-coding RNAs were expressed in A549 cells (37% of all transcripts) and 7,635 in 
MCF-7 cells (40% of all transcripts). Among them were 231 (3%) and 539 (7%) transcripts in 
A549 and MCF-7 cells, respectively, which were differentially regulated under hypoxia (fold 
change>1.5 and padj<0.05). From all detected non-coding RNAs, 5,720 were shared 
between both cell lines. 71 from the shared transcripts were differentially regulated (fold 
change>1.5 and padj<0.05) under hypoxia, mainly in the same direction (64, 90%). All 
together, non-coding RNAs are regulated to an equal extent in both cell lines. In addition, 
A549 cells show less detected transcripts as well as less hypoxia-regulated non-coding RNAs, 
which is in line with results from the whole transcriptome analyses, including protein-coding 
RNAs (see 5.2.2.1). 
Interestingly, the antisense long non-coding RNAs PCAT6 and RP11-274H2.3 (also called 
lncRNA SRLR, sorafenib resistance-associated lncRNA in renal cell carcinoma) were induced 
under hypoxia in both cell types and are known to be associated with cancer. PCAT6 has been 
identified as oncogene and as promoter of cancer cell proliferation and invasion in lung 
cancer cells.266,267 LncRNA SRLR has been identified as biomarker for sorafenib resistance in 
renal cell carcinoma patients.268 
The examination of circRNAs was done in collaboration with A. Di Liddo, K. Zarnack, C. de 
Oliveira Freitas Machado and M. Müller-McNicoll. Results are described in Di Liddo et al., 
2019269 and also considered sequencing data from hypoxic HeLa cells. In brief, approximately 
12,000 circRNAs were detected in the three cancer types. In addition, 64 circRNAs change 
their abundance upon hypoxia in a cell-specific manner. The data point towards a role of 
trans-acting factors in circRNA biogenesis. In A549 cells 4,618 circRNAs were detected, from 
which only one (circASXL1) is slightly induced under hypoxia. In MCF-7 cells 7,561 circRNAs 
were detected and 26 of them change their abundance under hypoxia. The circRNAs PLOD2 
and ZNF292 showed very high induction under hypoxia. It is important to mention that the 
PLOD2 and ZNF292 host genes were induced under hypoxia as well, pointing towards a 
transcription-related increase in circ RNA abundance, not a switch in AS. Notably, PLOD2 and 
ZNF292 are cancer-related and their corresponding circRNAs might also play a role, here. 
PLOD2 is promoting proliferation, migration and invasion in glioma cells.270 ZNF292 is a 
candidate tumor suppressor and mutations in its gene might promote cancerogenesis.271 
Hypoxia-driven induction of circZNF292 was found in endothelial cells and silencing of 
circZNF292 led to decreased endothelial cell spheroid sprouting indicating a proangiogenic 
role of circZNF292.41 
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5.2.3 RNA sequencing after MBNL2 knockdown 
Our RNA sequencing after hypoxia treatment of A549 and MCF-7 cells showed specific 
induction of MBNL2 under hypoxia, while RBPs were mainly reduced. Induction of MBNL2 
was also found in ccRCC patient samples.181 The HIF pathway is constitutively active in 
ccRCCs and might cause the induction of MBNL2. Interestingly, MBNL2 has been suggested as 
HIF-1α target gene in a ChIP-seq (chromatin immunoprecipitaton DNA sequencing) 
experiment in HUVECs.272 Thus, MBNL2 expression could be initially activated by HIF-1α and 
MBNL2 mRNA is stabilized under hypoxia prolonging the HIF response, when HIF-1α is 
degraded. MBNL2 could also be a HIF-2α target as HIF-1α and HIF-2α address similar genes. 
Further, Perron et al. identified and suggested several MBNL2 targets. They compared genes 
upregulated in ccRCC tumor samples with downregulated genes after MBNL2 knockdown and 
found that 5 of the 31 shared genes between the two cohorts belong to the HIF-1α network. 
These were CXCR4, EGLN3, HK2, NDRG1 and VEGFA with VEGFA showing the highest 
correlation. The authors further showed binding of MBNL2 to the VEGFA mRNA through pull-
down studies.181 RT-qPCR analyses of the CXCR4, EGLN3, HK2, NDRG1 and VEGFA mRNA 
levels after MBNL2 knockdown in our laboratory could not confirm any of the mentioned 
targets in A549 and MCF-7 cells except for VEGFA, which clarified that an RNA sequencing in 
A549 and MCF-7 cells after MBNL2 knockdown is indispensible to identify MBNL2 targets in 
these cell types. Since A549 and MCF-7 cells responded similarly to hypoxia and MBNL2 was 
induced in both cell types, we decided to perform RNA sequencing in just one of the cancer 
types and to confirm MBNL2 targets in the other cancer type later via RT-qPCR. I chose   
MCF-7 cells for the RNA sequencing after MBNL2 knockdown because in MCF-7, more 
transcripts were significantly differentially regulated under hypoxia than in A549 (4,503 vs. 
2,490), suggesting that a knockdown of MBNL2 will have stronger effects, here.  
 
5.2.4 Differential gene expression after MBNL2 knockdown 
Knockdown of MBNL2 under hypoxia (0.5% O2 for 48 h) in MCF-7 cells led to differential 
expression of 4,370 genes (fold change>1.5 and padj<0.05; Figure 4-16). From these, a 
large fraction of 1,528 genes was also differentially regulated under hypoxia in MCF-7 cells. 
1,091 of these shared genes were regulated in the opposite direction. 600 from these 1,091 
genes were induced upon hypoxia and were reduced after MBNL2 knockdown. 351 shared 
genes were differentially expressed after MBNL2 knockdown and after hypoxia treatment in 
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both, A549 and MCF-7 cells. 227 of these shared genes were regulated in the opposite 
direction. 173 of them were induced upon hypoxia and were reduced after MBNL2 
knockdown. In both ways of comparison, the largest cohort consists of genes, which are 
induced upon hypoxia and are reduced after MBNL2 knockdown. In addition, the GO analyses 
identified significantly downregulated GO terms after MBNL2 knockdown, but no significantly 
induced GO terms (Supplementary Figure 11-2), highlighting the activating function of 
MBNL2 under hypoxia. Together, these data indicate an important role of MBNL2 in the 
positive regulation of transcript abundance under hypoxia in cancer cells. However, MBNL2 
might also fulfill other functions under hypoxia, for example destabilizing certain mRNAs. 
From the cohort of differentially expressed genes after MBNL2 knockdown and after hypoxia 
treatment in both, A549 and MCF-7 cells, we identified novel MBNL2 target genes, which I 
could validate in RT-qPCR analyses (Figure 4-17). Aldolase C (ALDOC) and enolase 2 
(ENO2) are glycolytic enzymes. Integrin subunit alpha 5 (ITGA5) is an integral membrane 
protein, implicated in cell adhesion, and was found overexpressed in several cancers with 
poor prognosis.273 Lysyl oxidase (LOX) is an enzyme, which participates in the crosslinking of 
collagens and elastins. Depletion of LOX leads to suppression of breast cancer metastasis.274 
These proteins have been shown to be increased under hypoxia before,275,276,277,278 but their 
regulation has not yet been linked to MBNL2. The best-characterized of our newly identified 
MBNL2 targets is the VEGFA mRNA. VEGFA gives rise to the vascular endothelial growth 
factor A (VEGF-A), which is an important regulator under hypoxia and which triggers 
important cell functions like proliferation or angiogenesis. Recently, another study in ccRCC 
cells suggested VEGFA as MBNL2 target as described above confirming our findings.181 
VEGFA was shown to be a direct MBNL2 target in pulldown-assays.181 By now, it is not proven 
that ALDOC, ENO2, ITGA5 and LOX are direct MBNL2 targets. To show the direct binding of 
MBNL2 to the mRNAs an RNA-binding protein immunoprecipitation could be performed. 
Possibly, MBNL2 could also act indirectly by regulating the direct binding partners of ALDOC, 
ENO2, ITGA5 and LOX. In addition, a CLIP-seq (crosslinking immunoprecipitation sequencing) 
experiment would give us the opportunity to identify direct MBNL2 target mRNAs. CLIP-seq 
was not the method of choice in this study since we wanted to gain a global overview of gene 
expression changes caused by MBNL2 depletion. A HITS-CLIP (high throughput sequencing-
crosslinking immunoprecipitation) analysis after MBNL2 depletion has already been 
performed in brain cells.279 Identified MBNL2 target mRNAs are misregulated in DM. Since the 
transcription in brain and cancer cells differs completely, I expect that a CLIP in cancer cells 
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would yield different target mRNAs. A CLIP-seq further allows for the identification of the 
exact MBNL2 binding site within target mRNAs. 
 
5.2.5 MBNL2 induction under hypoxia is specific 
The functions of MBNL2 have a large overlap with the functions of its paralogs MBNL1 and 
MBNL3. In addition, cross-regulation between MBNL1 and MBNL2 has been shown before.171 
Thus, I also investigated the hypoxia response of MBNL1 and MBNL3. MBNL3 expression is 
more restricted than the expression of its paralogs MBNL1 and MBNL2.169 Therefore, it was 
not surprising that MBNL3 expression was only found in MCF-7 cells, but not in A549 cells. 
MBNL1 is the strongest splicing regulator among the family of MBNLs. Therefore, I focused on 
MBNL1 in further experiments. I established an MBNL1 knockdown in MCF-7 cells and I could 
show that MBNL1 depletion leads to MBNL2 induction and consequently to MBNL2 target 
gene induction (Figure 4-19). Thus, MBNL1 is not necessary for MBNL2 target gene 
regulation. Nevertheless, MBNL1 might have a repressive function in regulating the identified 
potential MBNL2 targets. An mRNA destabilizing function of MBNL1 has already been 
found,165 while an mRNA stabilizing function of MBNL2 is yet to be confirmed. The 
hypothesis, that MBNL1 instead of MBNL2 is regulating the identified targets by 
destabilization is further ruled out by the fact, that MBNL1 protein level is not significantly 
changed under hypoxia (Figure 4-18). If MBNL1 would be responsible for the destabilization 
of for example ALDOC under normoxia, it must have been reduced under hypoxia, which is 
not the case. However, due to their similar binding preferences,170,200 MBNL1 and MBNL2 
could also be competitors in binding their targets. It is possible that the ratio between both is 
important for the final regulation outcome instead of the absolute protein amount of each 
paralog. Such a competition between MBNL1 and MBNL2 has been shown for splicing 
regulation.162 In this case, induction of MBNL2 under hypoxia might lead to displacement of 
MBNL1 and consequently to reversed target mRNA regulation. 
The cross-regulation between MBNL1 and MBNL2 could be confirmed in this study. To be 
absolutely sure, that the adaptation to hypoxia in cancer cells is mediated specifically by 
MBNL2 and not by its paralog MBNL1, the usage of knock-out cell lines would be 
advantageous for further studies. Cross-regulation would be inhibited, when both paralogs are 
depleted and just one paralog is rescued via plasmid-based overexpression. Usage of MBNL1, 
MBNL2 and double knock-out cell lines in further experiments would further eliminate 
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experimental variations produced by transient siRNA transfection. The knock-out cell lines 
also open up new possibilities for the long-term observation for example in 3D tumor growth 
or invasion assays since continuous siRNA treatment of the cells would not be necessary. 
 
5.2.6 MBNL2 target regulation mechanism 
The study by Perron et al.181 further supposed a target stabilizing function of MBNL2. In 
actinomycin D assays I could rule out that MBNL2 is stabilizing VEGFA mRNA (Figure 4-20). 
Further, a stabilizing role of MBNL2 has not yet been experimentally confirmed. Nevertheless, 
it is possible that MBNL2 is stabilizing other targets than VEGFA. This could be tested in 
further actinomycin D assays. MBNL2 could potentially play a role in VEGFA splicing since 
VEGFA undergoes extensive AS, tuning its function.110 However, AS analyses after MBNL2 
knockdown did not reveal changed AS of VEGFA. As mentioned above (chapter 5.2.5), the 
MBNL2 paralog MBNL1 was found to destabilize its target mRNAs.165 Under hypoxia, MBNL2 
might displace MBNL1 leading to stabilization of target mRNAs, which are destabilized by 
MBNL1 under normoxic conditions. The ratio and the cross-regulation between MBNL 
paralogs might also play a role here. 
Moreover, MBNL proteins can also influence mRNA localization.169 In particular, MBNL2 was 
found to transport mRNAs to the endoplasmic reticulum (ER),169 which is in line with our GO 
analyses, which shows downregulated protein targeting to the ER and to membranes after 
MBNL2 knockdown (Supplementary Figure 11-2). MBNL2 was also found to be important 
for the correct expression of extracellular membrane proteins,164 which could be connected to 
its ability to locate mRNAs to the ER. Since targeting of mRNAs to the ER is often followed by 
promoted translation and secretion of proteins, I investigated secreted VEGF-A protein levels 
under normoxia, hypoxia and after MBNL2 knockdown. I could show that VEGF-A protein 
levels in cell culture supernatants from A549 and MCF-7 cells are increased under hypoxia as 
expected (Figure 4-21). In addition, I could demonstrate that MBNL2 depletion leads to 
reduction of secreted VEGF-A to the normoxic level. This effect is even higher than the effects 
observed on the mRNA level. This clearly indicates a role of MBNL2 in the secretion of    
VEGF-A. The exact mechanism by which MBNL2 promotes protein secretion is not clear so far, 
but it could be that MBNL2 localizes its target mRNAs to the ER, where they are translated 
and subsequently transported to the membrane for secretion. 
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To further elucidate how MBNL2 acts on its target mRNAs, we have identified three potential 
MBNL2 binding motifs within the VEGFA 3’ UTR (Figure 4-24). All of the identified motifs are 
clustered 3’-YGCY-5’ motifs, as this is the canonical binding motif of MBNL proteins.157 We 
could prove the functionality of the potential MBNL2 binding sites and thus, binding of 
MBNL2 to the VEGFA 3’ UTR, in an ATP2A1 minigene splicing assay in cooperation with 
K. Taylor and K. Sobczak. VEGFA and its regulation under hypoxia has been subject of studies 
prior to this thesis. Numerous RBP binding motifs have already been identified in VEGFA 
3’ UTR. VEGFA 3’ UTR contains for example a CARE which is bound by miRNAs under 
normoxic conditions. The miRNAs are displaced by hnRNP L under hypoxic conditions leading 
to VEGFA mRNA stabilization.61 Next to the CARE, the 3’ UTR also contains a GAIT element 
(interferon-γ-activated translation inhibitor), which is bound by the GAIT complex, 
suppressing mRNA translation.280 Under normoxic conditions, IFN-γ leads to proteasomal 
degradation of hnRNP L and activation of the GAIT complex. However, during hypoxia, 
hnRNP L binding leads to a conformational change in RNA folding, preventing GAIT complex 
binding and allowing efficient translation.281 Strikingly, our newly identified potential MBNL2 
binding sites do not overlap with any previously found RBP or miRNA binding sites within the 
VEGFA 3’ UTR. Thus, we have identified a new layer in VEGFA regulation under hypoxia. In 
addition, the VEGFA binding site binding affinity of MBNL2 seems to be higher as the binding 
affinity for MBNL1 (Figure 4-26). This is in line with our previous findings and indicates that 
MBNL2 and not MBNL1 is responsible for VEGFA regulation under hypoxia in cancer cells. 
To further investigate the binding and the regulation by MBNL2, I have cloned the 3’ UTRs of 
VEGFA, ALDOC, ITGA5, and LOX into a luciferase reporter gene vector. Unfortunately, I could 
not detect any influence of MBNL2 isoform 38 overexpression or MBNL2 depletion on the 
luciferase activity in our test system (Figure 4-27). CLIP experiments point towards 
preferential binding of MBNL proteins in 3’ UTRs279 but still MBNL proteins could regulate 
translation efficiency through binding in the 5’ UTR. For this case, I also cloned the 5’ UTRs of 
VEGFA, ITGA5 and LOX into the luciferase reporter gene vector. Depletion of MBNL2 did not 
influence the luciferase activity, when the 5’ UTR or 3’ UTR constructs were transfected. In 
contrast to the results from the minigene splicing assay, the luciferase reporter gene assay 
results suggest that MBNL2 is not regulating its target mRNAs by binding their UTRs. This 
might be due to the experimental setup. In this experimental setup, MCF-7 cells underwent 
two transient transfections on two consecutive days (siRNA and reporter gene plasmid 
transfection), followed by direct hypoxia treatment. Cells, which were transfected with siRNA, 
 
 83 
do not necessarily contain the transfected plasmids as well. Here, knock-out cell lines would 
be helpful as already stated above (chapter 5.2.5). When MBNL2 is implicated in its targets 
secretion, it might also be helpful to use secreted luciferases in the reporter gene assay. In 
addition, in this study, the potential MBNL binding sites in the VEGFA 3’ UTR were cloned 
individually. Probably, the presence of all or two binding sites is necessary to recruit MBNL2. 
Thus, a construct containing all binding sites should be created in following studies. 
 
5.2.7 MBNL2 controls hypoxia-dependent AS 
The transcriptome analyses after MBNL2 depletion revealed 2,074 changed AS events in    
MCF-7 cells. 393 of them were affected by hypoxia in MCF-7 cells as well. Of note, a large 
proportion of MBNL2-dependent AS events are not hypoxia-related. Nevertheless, almost all 
hypoxia- and MBNL2-dependent AS events were regulated oppositely, which implicates that 
hypoxia triggers MBNL2 to regulate AS. This AS regulation is reverted, when MBNL2 is 
depleted. MBNL2 preferentially promotes exon skipping, since most of the hypoxia- and 
MBNL2-dependent exon skipping events are triggered by hypoxia and reverted after MBNL2 
depletion. MBNL1 is a stronger splicing regulator as MBNL2.170 Therefore, cross-regulation 
between the two paralogs as well as the ratio between MBNL1 and MBNL2 protein amounts 
might again play a role, here.  
In this study, PIGN (phosphatidylinositol glycan anchor biosynthesis class N) could be 
identified as MBNL2 splicing target. Strikingly, decreased inclusion of PIGN exon 12 under 
hypoxia was completely reversed, when MBNL2 was depleted (Figure 4-28), showing that 
MBNL2 is necessary and sufficient for PIGN splicing. PIGN participates in the synthesis of GPI 
(glycosylphosphatidylinositol) anchor proteins in the membrane. PIGN is important for 
genetic stability and the reduction of PIGN via AS has been shown to promote acute myeloid 
leukemia.282 In addition, another hypoxia-driven AS event in PIGN was identified in 
endothelial cells,184 highlighting that PIGN undergoes extensive AS modulation and might be 
important in hypoxia adaptation. 
 
5.2.8 Physiological role of MBNL2 in cancer cell function 
In this study, I could show impaired cancer cell proliferation after MBNL2 depletion, 
demonstrating the importance of MBNL2 for cancer cell functions. MBNL2 depletion led to a 
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decrease in cell viability in A549 cells. In contrast, knockdown of MBNL2 alone did not result 
in impaired cancer cell proliferation in MCF-7 cells. To sensitize the cells the 
chemotherapeutic cisplatin was used. Treatment of A549 and MCF-7 cells with cisplatin 
impaired cancer cell proliferation only slightly. Nevertheless, combined cisplatin and siRNA 
treatment resulted in a significant decrease in cell viability in both cell lines (Figure 4-29). 
These findings indicate that MBNL2 is regulating target genes, which are implicated in cell 
proliferation. To increase observed effects, the cisplatin concentration could be increased or 
another drug, for example doxorubicin283, could be used. Doxorubicin is an anthracycline 
drug, which intercalates into DNA, leading to inhibition of DNA repair.284 Further, doxorubicin 
metabolism constantly releases reactive oxygen species, which damage DNA and proteins.284 
In future studies, the influence of MBNL2 on cell proliferation could be further assessed, for 
example in cell cycle analyses. Perron et al. already showed an increase in the sub-G1 cell 
population and an increase in caspase-3/7 activity in ccRCCs after MBNL2 depletion, 
indicating a shift to apoptosis.181 Moreover, direct targets of MBNL2, implicated in cell 
proliferation might be identified as explained above (chapter 5.2.4). 
Further, I could demonstrate impaired migration of A549 cells after MBNL2 knockdown 
(Figure 4-29). Migration of MCF-7 cells was examined in this study as well, but wild type 
MCF-7 cells showed no significant cell migration in the established transwell assay in short 
time periods (up to 24 h). Concerning the assay design, it would be possible to use knock-out 
cell lines in migration experiments over a longer time period (for example 48 h or one week). 
Usage of knockdown cells in experiments over 4 days is not recommended since daughter 
cells do not share the depletion. Further, knock-out cell lines would allow the conduction of 
tumor growth and invasion assays in 3D cell cultures since continuous siRNA delivery is not 
possible in 3D tumor models. 
Implication of MBNL2 in cancer cell functions has previously been shown in several studies in 
other cancer types. Overexpression of MBNL2 was found in patient ccRCCs.181 Here, colony 
formation was reduced after MBNL2 knockdown.181 In addition, MBNL2 was induced after 
chronic and intermittent hypoxia treatment of PyMT mouse breast cancer cells.179 
Paradoxically, overexpression of MBNL2 led to impaired tumor growth and invasion in 
hepatocellular carcinoma cells.180  
Interestingly, MBNL2 was found to suppress cancer cell metastasis in breast and lung cancer 
cells.182 That could be because MBNL2 is induced under hypoxia, which is present within solid 
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tumors. Metastatic cells leave the solid tumor and are oxygenated again via the blood system 
leading to normoxic (not induced) levels of MBNL2. Thus, metastasis means escape from 
hypoxia, depleting MBNL2 induction. Nevertheless, in this study, A549 cell migration was 
reduced after MBNL2 depletion. This is in contrast to the suppressed cancer cell metastasis 
observed by Zhang et al. since cell migration is the precursor for metastasis. In line with our 
finding, MBNL2 promoted a metastatic phenotype in a murine breast cancer model.179 
All together, the predicted roles of MBNL2 in cancer progression are contradictory. The role of 
MBNL2 might depend on the tumor type or on the stage of tumor progression, thus, the 
tumors susceptibility to oxygen and nutrients. In future studies, levels of MBNL2 in patient 
tumor samples could be assessed to underline the importance of MBNL2 in solid tumors. 
Nevertheless, MBNL2 induction under hypoxia in several cancer types points towards a 
universal function of MBNL2 in cancer cell adaptation to hypoxia. Thus, MBNL2 could be a 




6.1 Auto- and cross-regulation of the hnRNPs D and DL 
So far, autoregulation of hnRNP DL could be shown in our laboratory. In addition, cross-
regulation between hnRNP DL and its paralog hnRNP D could be demonstrated in this study. 
There is an overlap between hnRNP D and DL target mRNAs. Nevertheless, it remains to be 
investigated whether hnRNP D and DL act similarly on their targets or if they act 
antagonistically. As a first step, RNAi experiments could be performed, in which mRNA levels 
of known hnRNP D and DL targets are assessed. In this way, target mRNAs can be identified 
that are regulated in a common or opposing way. Another way to identify hnRNP DL targets 
as well as the binding sites would be an hnRNP DL PAR-CLIP. Yoon et al. performed an 
hnRNP D PAR-CLIP in HEK cells.285 Consistently, an hnRNP DL PAR-CLIP might also be 
performed in HEK cells. Results can be compared to the study by Yoon et al. to identify 
individual and shared hnRNP D and DL targets. Further, the role of hnRNP DL in endothelial 
cell migration and angiogenesis was demonstrated in this study. On that basis the role of 




6.2 Hypoxia-driven gene expression changes in human cancer cells 
In this study, I have identified MBNL2 as important regulator in the cancer cell adaptation to 
hypoxia. To further examine the potential of MBNL2 for cancer therapy, it would be necessary 
to assess MBNL2 expression levels in patient samples from different cancer types. Concerning 
the MBNL2 regulation mechanism, direct MBNL2 target mRNAs and binding sites could be 
identified in CLIP experiments. Further, the establishment of stable MBNL1, MBNL2 and 
double MBNL1/2 knock-out cell lines will open up new opportunities in the investigation of 
the MBNL2 regulation mechanism. Then, all experiments can be performed independent from 
MBNL1/MBNL2 cross-regulation. Subsequent transfection of siRNAs and luciferase reporter 
gene constructs will not be needed anymore, allowing for easier luciferase reporter gene assay 
design. Luciferase assays allow investigating, if MBNL2 influences mRNA stability or 
translation efficiency of an mRNA containing a specific UTR. Further, secreted luciferases 
could be used in reporter gene assays to further investigate the role of MBNL2 in target mRNA 
translation and subsequent protein secretion. Concerning the role of MBNL2 in cancer cell 
function, knock-out cell lines would facilitate assessment of tumor growth, invasion and 
metastasis in 3D cell culture. 
Apart from MBNL2, this study has revealed a broad overlap in the hypoxia-driven gene 
expression changes in lung and breast cancer cells. Nevertheless, there is a large proportion of 
differentially expressed genes that are uniquely differentially expressed in just one of the cell 
types. It might be worthwhile to also look for hypoxia-driven changes in the RBPome that are 





7.1 Disposable Material and Kits 
Table 7-1: Disposable material and kits used in this study. 
Disposable/Kit Manufacturer 
Cell culture dishes 60 mm Greiner Bio-One 
CloneJET PCR cloning kit Fermentas 
DNeasy Blood & Tissue kit Qiagen 
Dual Glo luciferase assay system Promega 
Magna RIP kit Millipore 
miRNeasy Mini kit Qiagen 
Trans-Blot Turbo Transfer Pack Mini, 0.2 µm 
PVDF membranes 
Bio-Rad 
QIAprep Miniprep kit Qiagen 
QIAquick gel extraction kit Qiagen 
RNase-free Dnase set Qiagen 
SuperScript III Reverse Transcriptase kit Thermo Fisher Scientific 
Thincert cell culture inserts, pore diameter 8 µm, 
translucent PET membrane 
Greiner Bio-One 
Trypane blue staining kit Bio-Rad 
TURBO DNase Thermo Fisher Scientific 
 
 
7.2 Chemicals and Enzymes 
Table 7-2: Chemicals and enzymes used in this study. Standard chemicals were purchased from Carl 
Roth, if not stated otherwise. 
Chemical/Enzyme Manufacturer 
Actinomycin D Sigma 
Agarose Peqlab 
Ammoniumperoxodisulfate (APS) Carl Roth 
Ampicillin Carl Roth 
Bovine serum albumin (BSA) Applichem 
Bradford reagent Bio-Rad 
Cisplatin Sigma Aldrich 
Crystal violet Carl Roth 
EBM (plus) medium Lonza 
ECL Prime Blocking Reagent Amersham 
ECL Select detection reagent GE Healthcare 
EGM (plus) single quots Lonza 
DMEM medium Sigma Aldrich 
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FCS Thermo Fisher Scientific 
GoTaq DNA polymerase Promega 
Glycoblue Invirtogen 
hEGF protein Peprotech 
HindIII-HF New England Biolabs 
Hygromycine B Invivogen 
IGEPAL CA-630 Sigma Aldrich 
Lipofectamine 2000 / 3000 / RNAiMAX Invitrogen 
Methylcellulose Carl Roth 
NotI-HF New England Biolabs 
OptiMEM medium Sigma Aldrich 
PBS (10 x) Sigma Aldrich 
Pen Strep Thermo Fisher Scientific 
Pertex Histolab 
Protease inhibitor cocktail Sigma Aldrich 
Q5 High-Fidelity DNA polymerase New England Biolabs 
Random hexameres Sigma Aldrich 
Ribolock RNase inhibitor Molox 
RPMI-1640 medium Sigma Aldrich 
SalI-HF New England Biolabs 
Sodium pyruvate Thermo Fisher Scientific 
Fast SYBR green master mix (2 x) Thermo Fisher Scientific 
T4 DNA ligase New England Biolabs 
Taq DNA polymerase New England Biolabs 
Tetramethylethylendiamin (TEMED) Carl Roth 
TRI reagent / TRIzol Sigma Aldrich 
VEGF-A protein Peprotech 
XbaI-HF New England Biolabs 
XhoI-HF New England Biolabs 
 
7.3 Technical equipment 
Table 7-3: Technical equipment used in this study. 
Technical equipment Manufacturer 
12-tube magnetic separation rack New England Biolabs 
Axiovert 200 Zeiss 
Bacteria incubator Heraeus Christ 
Cell incubator (normoxia) Eppendorf Galaxy 
170 S 
Eppendorf AG 
Cell incubator (hypoxia) Eppendorf Galaxy 48 R Eppendorf AG 
Centrifuges Heraeus Christ 
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ChemiDoc Imaging System Bio-Rad 
Gel documentation with UV screen INTAS 
Infinite M200 plate reader Tecan Trading AG 
Milli-Q water purification system with RNase 
filter 
EMD Millipore 
Mini-PROTEAN Tetra Cell electrophoresis 
chamber 
Bio-Rad 
NanoDrop ND-1000 Spectrophotometer Peqlab 
Spectrophotometer Ultrospec 2100 pro Biochrom Ltd 
StepOnePlus Real-Time PCR system Thermo Fisher Scientific 
T100 Thermal Cycler Bio-Rad 
TC-10 Automated cell counter Bio-Rad 
Thermomixer comfort Eppendorf AG 
Trans-Blot Turbo Bio-Rad 
 
7.4 Oligonucleotides, Plasmids, siRNAs and Antibodies 
Table 7-4: Oligonucleotides used for RT-PCR and RT-qPCR in this study. 
Specificity forward sequence 5’ -> 3’ reverse sequence 5’ -> 3’ 
ALDOC GCTGTCCCAGGAGTGACCTT CATTCACCTCAGCCCGCTT 
ATP2A1 minigene GATCTTCAAGCTCCGGGCCCTG AGCAATCAGCTAGTCAGTTGCC 
CENPE TGATTTGGATGAATTTGAGGCTC TCCTGTAGCTTCTTAATCTGGTC 
DDIT4 GTTTGACCGCTCCACGAG CATCAGGTTGGCACACAAGT 
ENO2 GGCTACACGGAAAAGATCGTTATT GAAGGATCAGTGGGAGACTTGAA 
HNRNPD 8/10 CTTATCCCCAACAGGTGGTG GGACCCAACGTCATACTTCC 
HNRNPD 8/9/10 AATGCTGCCGTTTGGTGGTG GGACCCAACGTCATACTTCC 
HNRNPDL 7/9 AACATTGGAGAAAACAGGAGGAG TGGCAGCTATATACAGTTGGACA 




HNRNPDL       
pre-mRNA_2 ACTTGGGTTACTAGAGATGCTTC TCACCCTGGAGTTCCCAAATG 
HNRNPM GCTGGAAGACTTGGAAGCAC AGAATGTCTGCTCGGACCAC 
ITGA5 TGCCTCCCTCACCATCTTC TGCTTCTGCCAGTCCAGC 
LDHA TGGGAGTTCACCCATTAAGC CTCAACCACCTGCTTGTGAA 
LOX ACACAGGGATTGAGTCCTGG CCAGGTAGCTGGGGTTTACA 
MBNL1 CAAATGCAACTAGCCAATGC CAGGCTTGGAGAAACAGGTC 
MBNL2 ACACCACTTCATCCAGTGCC CCAACTCCAGGGGTTACAGG 
MBNL3 GGCCCAAAACTGATGCGTTC TCAGTAGGGTGAGCATAGCG 
PIGN GTGGAGATTGGAGAATTGGAA AACATGCTCTCTGCTTTGAAGA 
PLOD2 GGGGCCAGAAAGTGAGATTA CCACTTTGTGGTTTGCCTTT 
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PTBP2 GCTTCCTGTTGCAGCTGTTC CTTCACACGCTGCACATCTC 
PUSL1 CGCGCGCTATCTTGTGTACT GGTGTGTGTTGAGGGCCTC 
RPLP0 TCGACAATGGCAGCATCTAC ATCCGTCTCCACAGACAAGG 
U1 snRNA  GGGAGATACCATGATCACGAAGGT CCACAAATTATGCAGTCGAGTTTCCC 
VEGFA CCCTGATGAGATCGAGTACA AGCAAGGCCCACAGGGATTT 
 
 
Table 7-5: Oligonucleotides used for cloning in this study. 




























Table 7-6: Plasmids generated in this study. 
Plasmid Description 
pCMV-MBNL2-38 overexpression of MBNL2-38 
pCMV-MBNL2-39 overexpression of MBNL2-39 
pCMV-MBNL2-40 overexpression of MBNL2-40 
pCMV-MBNL2-41 overexpression of MBNL2-41 
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pDL-ALDOC-3’UTR complete ALDOC 3’ UTR in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-ITGA5-3’UTR complete ITGA5 3’ UTR in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-ITGA5-5’UTR complete ITGA5 5’ UTR in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-LOX-3’UTR 3’ part of the LOX 3’ UTR in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-LOX-5’UTR complete LOX 5’ UTR in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-VEGFA-3’UTR1 Part of the VEGFA 3’ UTR containing potential 
MBNL2 binding site 1 in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-VEGFA-3’UTR2 Part of the VEGFA 3’ UTR containing potential 
MBNL2 binding site 2 in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-VEGFA-3’UTR3 Part of the VEGFA 3’ UTR containing potential 
MBNL2 binding site 3 in 3’ orientation of the 
firefly luciferase for luciferase reporter gene 
assay 
pDL-VEGFA-5’UTR complete VEGFA 5’ UTR in 3’ orientation oft he 




Table 7-7: siRNAs used in this study. 
Specificity Sequence 5’ -> 3’ 
Nonsilencing control (CTRL) UUCUCCGAACGUGUCACGU[dT][dT]  
HNRNPD GGGUCCCUCUGAAGUUUAA[dT][dT]  
AGACUGCACUCUGAAGUUA[dT][dT]  
GAAGGUGAUUGAUCCUAAA[dT][dT]  
HNRNPDL GGGUAUAACUAUGGGAACU[dT][dT]  
MBNL1 AAGGACGAGGUCAUUAGCCAU[dT][dT] 





Table 7-8: Antibodies used in this study. 
Specificity Manufacturer 
GFP Sigma (118144600) 
hnRNP A0 Cell Signaling Technology (D8A5 XP) 
hnRNP A1 Millipore (05-1521) 
hnRNP C Santa Cruz (sc-32308) 
hnRNP D Millipore (07-260) 
hnRNP DL Sigma (AV40585) 
hnRNP E2 Abcam (ab184962) 
hnRNP L Santa Cruz (sc-32317) 
hnRNP M Santa Cruz (sc-20002) 
HSP60 Abcam (ab6530) 
MBNL1 
 
Wolfson Centre for Inherited Neuromuscular 
Disease (CIND; MB1a(4A8))287 
MBNL2 Santa Cruz (sc-136167) 
Mouse Jackson ImmunoResearch 
Rabbit Jackson ImmunoResearch 





8.1 Cell culture, hypoxia treatment and transfection 
HeLa, A549 and MCF-7 cells were obtained from the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ; no.: ACC 57, no. ACC-107 and no. ACC-115). The 
cell lines were cultured in T75 flasks in DMEM (HeLa, A549) or RPMI-1640 medium (MCF-7), 
respectively, supplemented with 10% FCS, 1 mM sodium pyruvate and Penicillin 
Streptomycin. 
HeLa "Flp-in" Host Cell Line HF1-3 cells, stably expressing GFP or the GFP-hnRNP DL fusion 
protein147, were cultured in DMEM medium supplemented with 10% FCS, 1 mM sodium 
pyruvate, Penicillin Streptomycin and 150 µg/ml hygromycine B. In the following method 
descriptions, HF1-3 cells are also referred to as HeLa cells. 
HUVEC cells (Lonza, CC-2519) were cultured in T75 flasks in EBM medium supplemented 
with 10% FCS and EGM single quots (hEGF, Hydrocortison, GA-1000, bovine brain extract). 
HUVECs were splitted once a week and only passages 2 and 3 were used for experiments. 
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HUVECs are primary cells and change their characteristics, when they are cultured for longer 
periods. 
For hypoxia experiments, 1x105 A549 cells or 2x105 MCF-7 cells were seeded in 12 well plates 
and incubated under normoxic conditions (37°C, 5% CO2, 21% O2) for 24 h. Then, cells were 
transferred to the hypoxia incubation chamber (37°C, 5% CO2, 0.5% O2, Eppendorf Galaxy 48 
R incubator). RNA samples were prepared 48 h later as described below. 
For siRNA transfection of HeLa cells, 6x104 cells were seeded in 12 well plates. 24 h later, 
transfection was performed using Lipofectamine RNAiMAX according to the manufacturer’s 
protocol together with 4 pmol siRNA in DMEM medium. 
For siRNA transfection of HUVECs, 3.5x105 cells were seeded in 60 mm cell culture dishes. 
24 h later, transfection was performed using Lipofectamine RNAiMAX according to the 
manufacturer’s protocol together with 60 pmol siRNA in OptiMEM medium. After 4 h the 
transfection mixes were removed and fresh medium was added. 
For reverse siRNA transfections, 1x105 A549 or 2x105 MCF-7 were transfected using 
Lipofectamine RNAiMAX according to the manufacturer’s protocol and 200 pmol siRNA. Cells 
were mixed with the transfection mix and were seeded directly in 12 well plates. 24 h later, 
the transfection mixes were removed and fresh medium was added. Then, cells were 
transferred to the hypoxia incubation chamber. 
For MBNL2 overexpression and luciferase reporter gene assays, 1x105 MCF-7 cells were 
transfected using Lipofectamine 2000 according to the manufacturer’s protocol and 
100 ng plasmid. Cells were mixed with the transfection mix and were seeded directly in 
12 well plates.  
 
8.2 RNA sequencing and data analyses 
RNA sequencing was performed by the Core Unit Systems Medicine at the University of 
Würzburg. Ribosomal RNA was depleted from the total RNA samples from normoxic and 
hypoxic A549 and MCF-7 cells (n=2, RiboZero, Illumina). Strand-specific cDNA libraries were 
generated using TruSeq stranded mRNA library preparation kit from Illumina according to the 
manufacturer’s protocol omitting the polyA enrichment step. The cDNA libraries were 
sequenced on a NextSeq 500 (Illumina). Approximately 100 million 75 nt single-end reads 
were obtained per sample. 
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RNA sequencing after MBNL2 knockdown in MCF-7 cells was performed identically except for 
the polyA enrichment, which was performed instead of the rRNA depletion. Here, 80 million 
75 nt single-end reads were obtained per sample. 
RNA sequencing data from A549, MCF-7 and MBNL2 knockdown experiments is available in 
the Gene Expression Omnibus Database (GEO, www.ncbi.nlm.nih.gov/geo/) under the 
accession numbers GSE131378 and GSE136231. 
Reads were mapped to the human genome (GRCh38/hg38 assembly) using the splice-aware 
aligner STAR version 2.4.5a.288 Reads were counted within genes annotated in GENCODE 
version 24 using the htseq-count script from the HTSeq python package version 0.6.1.289 The 
R/Bioconductor package DESeq2193 was used to analyze differential gene expression between 
hypoxic and normoxic conditions or between MBNL2 knockdown and control cells. 
Differentially expressed genes were considered, when they had an adjusted P value < 0.05 
and an absolute fold change > 1.5. The rMATS version 3.2.5194 was used to detect AS events. 
AS events were considered as changed, when they had an adjusted P value < 0.05 and an 
absolute change in PSI > 10%. For both differentially expressed genes and AS events, only 
genes with a minimum expression level of > 1 transcript per million (TPM) in at least one of 
the four samples obtained for each cell type/condition were considered. The enrichGO 
function in clusterProfiler package version 3.6.0290 in R (version 3.4.3) was used to analyze 
gene ontology (GO) enrichment. 
 
8.3 RNA extraction and reverse transcription 
Total RNA from HeLa cells was isolated using TRIzol reagent, followed by TURBO DNase 
treatment. 
Total RNA from HUVECs was isolated using the miRNeasy Mini kit, including the optional on-
column DNA digestion with the RNase-Free DNase Set. 
Total RNA from A549 and MCF-7 cells was isolated either using TRIzol reagent, followed by 
TURBO DNase treatment or by using the miRNeasy Mini kit, including the optional on-column 
DNA digestion with the RNase-Free DNase Set.  
In general, miRNeasy Mini kit was used as described in the manufacturer’s protocol. For RNA 
extractions using TRIzol the procedure was conducted as follows. Cells were washed with 
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1x PBS and TRIzol was added directly into the cell culture plate or dish. The liquid was mixed 
and transferred into a reaction tube. 80 µl chloroform was added and the mixture was 
vortexed for 15 s. After 3 min at RT, the mixture was centrifuged at 13,300 rpm and 4°C for 
15 min. The upper phase was transferred into a new reaction tube. A second extraction was 
performed using 200 µl chloroform. After centrifugation at 13,300 rpm and 4°C for 15 min 
the upper phase was transferred into a new reaction tube. 200 µl isopropanol and 0.75 µl 
Glycoblue were added to the solution. The RNA was precipitated for 10 min at RT and was 
then centrifuged at 13,300 rpm and 4°C for 30 min. The pellet was washed with 70% ethanol. 
After another centrifugation step at 13,300 rpm and 4°C for 15 min, the RNA pellet was 
dissolved in 35 µl dH2O. 4 µl TURBO DNase buffer and 1 µl TURBO DNase were added to the 
RNA. After DNase digestion for 15 min at RT, 200 µl absolute ethanol and 4 µl sodium acetate 
were added for precipitation. The RNA was precipitated at -80°C for 1 h or overnight. The 
RNA solution was then centrifuged at 13,300 rpm and 4°C for 30 min. The pellet was washed 
with 70% ethanol. After another centrifugation step at 13,300 rpm and 4°C for 15 min, the 
RNA pellet was dissolved in 20 µl dH2O. 
After isolation, RNA concentration was determined using the nanodrop system. 500 ng RNA 
were quality checked on a 1% agarose gel. 
cDNA was synthesized using the SuperScript III Reverse Transcriptase kit according to the 
manufacturer’s protocol. 1 µg RNA was reverse transcribed. The reverse transcription mix and 
the corresponding program are shown in Table 8-1. Finally, the cDNA was diluted by adding 
180 µl H2O. 
Table 8-1: Reverse transcription (RT) mix and program. 
RT mix  RT program  
1 µg RNA Denaturation 65°C for 5 min 
ad 11 µl MQ water Cool down 
/Annealing 
on ice for 1 min 
1 µl dNTPs, 10 mM each Reverse 
Transcription 
25°C for 5 min 
1 µl random hexamers  50°C for 30 min 
added after 
Annealing 
Mastermix for all samples  70°C for 15 min 
4 µl 5x First Strand buffer Storage 8°C ∞ 
1 µl Dithiothreitol, 0.1 M   
1 µl Ribolock   




Splicing analyses were performed using Taq polymerase. Oligonucleotide sequences are listed 
in Table 7‑4. A typical RT-PCR mix and RT-PCR program are shown in Table 8-2. 
Table 8-2: RT-PCR mix and program. 
PCR mix  PCR program  
17.5 µl dH2O Denaturation 95°C for 5 min 
3 µl 10x ThermoPol buffer Denaturation 95°C for 30 s (30-35 cycles) 
1 µl oligonucleotide fwd 
(10 µM) 
Annealing 55°C for 30 s (30-35 cycles) 
1 µl oligonucleotide rev (10 µM) Elongation 72°C for 30 s (30-35 cycles) 
0.6 µl  dNTPs, 10 mM each Final elongation 72°C for 7 min 
5 µl cDNA Storage 8°C ∞ 
0.3 U Taq DNA polymerase   
 
 
8.5 ATP2A1 minigene splicing assay 
Mouse Embryonic Fibroblasts (MEFs) with MBNL1 and MBNL2 double knock-out were a gift 
from MS Swanson.167 The growth conditions of MEFs are described in 202. Prior to transfection, 
the cells were plated in 12 well plates and transfected at 50-60% confluence with 
Lipofectamine 3000 according to the manufacturer’s protocol. Co-transfection was conducted 
with 200 ng of a minigene and 750 ng of GFP-MBNL1-40, GFP-MBNL2-38, GFP-MBNL2-40 or 
GFP expression vectors, which are described in 170. Cells were harvested 42 h after 
transfection. Total RNA was isolated using TRI reagent according to the manufacturer’s 
protocol. cDNA was synthesized using the SuperScript III Reverse Transcriptase kit. Splicing 
analysis was performed using GoTaq DNA polymerase. 
 
8.6 Quantitative RT-PCR 
RT-qPCR was used to quantify mRNA levels. RT-qPCR samples contained 5 µl cDNA, 
10 µl 2x Fast SYBR green master mix and 1 µl forward and reverse oligonucleotide each 
(10 µM). A StepOnePlus Real Time PCR instrument with standard settings for Fast SYBR 
green mixes including melting temperature was used. All measurements were carried out in 
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technical duplicates. RT-qPCR analysis was done using the ∆∆Ct method.291 All PCR products 
were verified by sequencing. Oligonucleotide sequences are listed in Table 7‑3. 
 
8.7 Protein extraction and Western blot analyses 
In order to obtain protein extract, cells were lysed in lysis buffer (137 mM NaCl, 
10% glycerol, 20 mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0, 1% Igepal, 5 µl protease inhibitor 
cocktail) for 20 min on ice. Cell debris were removed after centrifugation at 17,000 g, 4°C for 
15 min. 
Protein content of extracts was determined using the Bradford protein assay.292 By binding of 
Coomassie brilliant blue G-250, the absorption maximum of proteins shifts from 465 to 
595 nm. Thus, the absorption increase at 595 nm is a measure of the protein concentration of 
the extract. A calibration curve with a known protein concentration of BSA was created. 2 µl 
of the protein extracts were diluted in 1 ml Bradford reagent, which was diluted 1:5. After 
10 min incubation at RT, the absorption was measured at 595 nm. The concentration of the 
protein extract could be determined using the linear equation resulting from the calibration 
curve. The measurement was carried out in technical triplicates. 
10 µg protein extract were used for Western blot analyses. The protein samples were mixed 
with 4x protein loading dye, boiled for 5 min at 95°C and cooled down to RT. 10 µg were 
loaded on 10% SDS gels. 4 µl Precision Plus All blue protein standard (Bio-Rad) were used as 
size standard. The gels were pre-stained using TCE (2,2,2-trichloroethanol) in the collecting 
gel. Thus, total lane protein loading could be detected before blotting. The gels were activated 
and photographed using the ChemiDoc MP System (Bio-Rad) and the Image Lab software. 
Then, proteins were transferred to a PVDF membrane using the Trans-Blot Turbo Transfer 
System (Bio-Rad). The transfer was performed in the fast blot apparatus for 7 min. After the 
transfer, the membrane was blocked for 1 h in 2% (w/v) skim milk in 1x TBS-T. The 
membrane was then incubated with the primary antibody, dissolved in 2% (w/v) skim milk in 
1x TBS-T, for 1 h at RT. Then, the membrane was washed 3 times with 1x TBS-T. The 
membrane was incubated with the secondary antibody for 1 h at RT. The membrane was 
washed 3 times with 1x TBS-T and then developed with ECL substrate. For strong signals, the 
ECL system from Bio-Rad and for weak signals, the ECL Select System from Life technologies 
were used. The membrane was incubated with substrate for 5 min and then developed using 
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the ChemiDoc MP System (Bio-Rad) and the Image Lab software. Membranes were stored in 
1x TBS-T at 4°C. 
 
8.8 RNA-binding protein immunoprecipitation 
RIPs were performed using the Magna RIP kit (Millipore) followed by DNase I digestion 
according to the manual. 4x106 HIF1-3 cells (overexpressing GFP or a GFP-hnRNP DL fusion 
protein) were used per RIP. 10% of each precipitate was used for Western blot analyses. 
Mouse IgG and anti-snRNP70 antibody were included in the kit. 
 
8.9 Plasmid construction 
Starting vectors for construction of the MBNL2 overexpression plasmids, containing the 
sequences of the several MBNL2 isoforms170 were a kind gift from K. Sobczak (Adam 
Mickiewicz University, Poznan, Poland). MBNL2 sequences were amplified using Q5 High-
Fidelity DNA polymerase. Obtained fragments and pCMV-MS vector293 (Figure 11-4) were 
digested using XhoI-HF and XbaI-HF. Vector and insert were ligated using T4 DNA ligase. 
Plasmids were transformed into E. coli DH5α. E. coli were cultured on/in LB medium 
supplemented with 100 µg/ml ampicillin (Amp). Plasmids were isolated using the QIAprep 
Miniprep Kit according to the manual. 
For the luciferase reporter gene assays, 3’ UTRs from ALDOC, ITGA5, LOX (3’ part of the 
3’ UTR) and VEGFA (three parts, which contain one potential MBNL2 binding site) as well as 
complete 5’ UTRs from ITGA5, LOX and VEGFA were cloned into the bidirectional luciferase 
reporter gene vector pDL (Figure 11-3).293 Sequences were amplified from MCF-7 genomic 
DNA using Q5 High-Fidelity DNA polymerase. NotI-HF and HindIII-HF/SalI-HF (3’ UTRs) or 
BamHI and MluI (5’ UTRs) were used for digestion, respectively. Plasmids were transformed 
into E. coli Top10. E. coli were cultured on/in LB medium supplemented with 100 µg/ml 
ampicillin. Plasmids were isolated using QIAprep Miniprep Kit according to the manual. 




8.10 DNA Sequencing 
Plasmid sequencing was conducted by Seqlab according to the Sanger procedure. 
1 µg plasmid was sent to Seqlab in a 1.5 ml reaction tube together with 30 pmol sequencing 
oligonucleotide in a final volume of 15 µl. 
 
8.11 Isolation of genomic DNA 
Genomic DNA for the amplification of 3’ UTRs was isolated using the DNeasy Blood & Tissue 
kit (Qiagen) according to the manufacturer’s protocol. 
 
8.12 Polymerase chain reaction 
The polymerase chain reaction (PCR) was used for example to amplify DNA fragments from 
genomic DNA or plasmids for cloning in this study. A typical PCR mix and a typical PCR 
program are described in Table 8-3. The annealing temperature depends on the melting 
temperature of the used oligonucleotides. Elongation time was adjusted according to the 
amplified fragment length (1 min per 2kb). 
Table 8-3: PCR mix and program. 
PCR mix  PCR program  
1 x Q5 buffer Denaturation 98°C for 3 min 
30 pmol oligonucleotide fwd Denaturation 98°C for 30 s (35 cycles) 
30 pmol oligonucleotide rev Annealing 55°C for 30 s (35 cycles) 
100 ng template DNA Elongation 72°C for 30 s (35 cycles) 
20 nmol  dNTPs Final elongation 72°C for 7 min 
2 U Q5 DNA polymerase Storage 8°C ∞ 
ad 100 µl dH2O   
 
 
8.13 Transformation of E. coli 
CaCl2 competent E. coli cells were used for transformation of plasmid DNA. The competent 
cells were thawed on ice. 100 µl of competent cells were added to a ligation mix. The ligation 
mix contained 25 ng of a digested plasmid, the fivefold molar amount of insert and 2 U T4 
DNA ligase in 1x T4 DNA ligase buffer. The ligation mix was incubated for 30 min at RT. The 
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ligation mix, together with the competent E. coli cells, was incubated on ice for 30 min. Then, 
the cells were heat-shocked at 42°C for 90 s. The mix was incubated on ice for 10 min. Then, 
900 µl LB medium was added and the mix was incubated at 37°C for 1 h with constant 
shaking at 950 rpm in an Eppendorf thermomixer. Cells were centrifuged at 13,300 rpm for 
1 min. The supernatant was removed. Cells were resuspended in the remaining medium and 
were plated onto LB agar containing 100 µg/ml ampicillin. 
 
8.14 Colony PCR 
To analyze, whether E. coli colonies had the desired plasmid, colony PCR was performed. 
Fragments were subsequently analyzed on 1% agarose gels. A typical PCR mix and a typical 
PCR program are described in Table 8-4. 
Table 8-4: Colony PCR mix and program. 
PCR mix  PCR program  
1 x ThermoPol buffer Denaturation 96°C for 4 min 
7.5 pmol oligonucleotide fwd Denaturation 96°C for 30 s (30 cycles) 
7.5 pmol oligonucleotide rev Annealing 50°C for 30 s (30 cycles) 
20 nmol  dNTPs Elongation 72°C for 30 s (30 cycles) 
1.25 U Taq DNA polymerase Final elongation 72°C for 7 min 
ad 25 µl dH2O Storage 8°C ∞ 
 E. coli cells from one colony   
 
8.15 Generation of CaCl2 competent E. coli cells 
For the generation of competent cells, a fresh culture of the E. coli cell stock was prepared on 
LB agar. A 4 ml overnight culture was inoculated. 16 h later, the overnight culture was 
transferred to 200 ml LB medium in a 1 l flask. The culture was incubated at 37°C with 
shaking at 180 rpm until the oD600 had reached a value between 0.4 and 0.5. The cells were 
then incubated on ice for 30 min and divided into 4 centrifuge tubes (50 ml each). All 
subsequent steps were performed on ice. Cells were centrifuged at 6,000 rpm for 5 min and 
the supernatant was removed. Cell pellets were washed with 25 ml of a 0.1 M CaCl2 solution 
and were centrifuged again at 6,000 rpm for 5 min. The cells were resuspended in 20 ml of a 
0.1 M CaCl2 solution and were incubated on ice for 1 h. Glycerol (100%) was added to a final 
concentration of 15% and cells were aliquoted into 1.5 ml reaction tubes with 
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330 µl competent E. coli cells each. The cells were shocked-frosted immediately in liquid 
nitrogen. Competent E. coli cells were stored at -80°C.  
 
8.16 Luciferase reporter gene assay 
Luciferase activity in MCF-7 cells (control cells, MBNL2 overexpression or MBNL2 
knockdown) was measured after 48 h of hypoxia treatment. The medium was removed and 
100 µl DMEM without phenol red was added. 100 µl Dual-Glo luciferase substrate was added. 
The Dual-Glo reagent contains the luciferase substrate, but also substances, which lead to cell 
disruption. The cell disruption allows for the reaction of the firefly luciferase with its substrate 
in the supernatant. After 10 min incubation at RT, the solution was transferred into a white 
96 well plate. The chemiluminescence was determined using the TECAN infinite M 200 Pro 
plate reader (default setting: luminescence, no attenuation, 1000 ms integration time). To 
measure the activity of the Renilla luciferase, which serves as internal standard, 100 µl of the 
Dual-Glo Stop&Glo reagent was added. After 5 min incubation at RT the chemiluminescence 
was determined. The relative light units were determined by calculating the quotient of firefly 
and Renilla luciferase. 
 
8.17 mRNA decay assay 
Directly after hypoxia treatment (48 h) and 72 h after transfection, MCF-7 cells were treated 
with 5 µg/ml actinomycin D for 30 min. Actinomycin D was then removed and RPMI-1640 
medium was added. MCF-7 cells were incubated under hypoxic conditions. Total RNA was 
prepared before hypoxia incubation (0 h sample) and after 2 and 4 h. MRNA levels were 
quantified by RT-qPCR, normalized to RPLP0 mRNA levels and plotted against time. 
 
8.18 Enzyme-linked immunosorbent assay (ELISA) 
Human VEGF-A ELISA Kit (Sigma-Aldrich) was used to determine secreted human VEGF-A 
protein levels in cell culture supernatants. Protein detection was performed according to the 
manufacturer’s protocol. Cell culture supernatants were obtained from normoxic and hypoxic 
(48 h, 0.5% O2) A549 and MCF-7 cells transfected either with a nonsilencing control siRNA 
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(siCTRL) or an siRNA targeting MBNL2 (siMBNL2) and were diluted 1:2 in Sample Diluent 
Buffer B. 
 
8.19 Cell viability assay 
The crystal violet assay was used to determine the viability of cells. The cells were washed 
with 1x PBS and fixed for 5 min with 0.5% formaldehyde in PBS. Cells were stained for 5 min 
with 0.5% crystal violet in PBS. After three washing steps with 1x PBS the cells were 
incubated with 33% acetic acid for 5 min. Samples were transferred to a 96 well plate. 
Absorption at 570 nm was measured in a TECAN infinite M 200 Pro plate reader.294 
Absorption was normalized to normoxic control cells. 
In experiments with cisplatin, A549 and MCF-7 cells were transfected as described and were 
incubated under normoxic or hypoxic conditions (48 h, 0.5% O2). 24 h later, cisplatin was 
added at final concentrations of 10 or 20 µM. 24 h later, crystal violet assay was performed. 
Here, the absorption was normalized to normoxic control cells with the respective cisplatin 
concentration. 
 
8.20 Cell migration assay 
HUVECs (si_ctrl/si_DL) were serum-starved (EBM medium without FCS) 24 h after 
transfection. 24 h later, HUVECs were washed with 1x PBS and detached using 40 µl Trypsin-
EDTA (0.05% trypsin, 0.02% EDTA in 1x PBS). HUVECs were resuspended in starvation 
medium (EBM medium without FCS). 5x104 cells in 100 µl starvation medium were seeded 
per insert in a 24 well transwell chamber (Thincert cell culture inserts, pore diameter 8 µm, 
translucent PET membrane, Greiner). Transwell inserts were placed into a lower well 
containing 700 µl EBM medium with supplements or starvation medium as a negative control. 
After 5 h under normoxic conditions, cells were removed from the inner side of the insert with 
a cotton swab. Migrated cells (at the outer side of the insert) were washed with 1x PBS and 
fixed with methanol. Migrated cells were stained using crystal violet (0.5% in 1x PBS) and the 
membranes were mounted using Pertex (Histolab). No cells were detected in the negative 
control. Migrated cells in six fields per well from random sites of the transwell insert 
membrane were counted using Image J software. 
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A549 cells (si_CTRL/si_MBNL2) were serum-starved (DMEM medium without FCS) and 
transferred to the hypoxia incubation chamber (48 h, 0.5% O2) 24 h after transfection. 48 h 
later, A549 cells were washed with 1 x PBS and detached using 40 µl Trypsin-EDTA 
(0.05% trypsin, 0.02% EDTA in 1 x PBS). A549 cells were resuspended in starvation medium 
(DMEM medium without FCS). 5x104 cells in 100 µl starvation medium were seeded per 
insert in a 24 well transwell chamber. Transwell inserts were placed into a lower well 
containing 700 µl DMEM medium supplemented with 10% FCS, 1 mM sodium pyruvate and 
Penicillin Streptomycin without or with 100 ng/µl hEGF as a positive control or starvation 
medium as a negative control. After 5 h under hypoxic conditions, cells were removed from 
the inner side of the insert with a cotton swab and were washed, fixed and stained as 
described above.  
 
8.21 Spheroid sprouting assay 
24 h after transfection, HUVECs were detached using Trypsin-EDTA (0.05% trypsin, 
0.02% EDTA in 1x PBS). 500 HUVECs were seeded per 50 µl drop as hanging drop culture in 
a 15 cm plate (Figure 8-1) in EBM medium supplemented with 20% EBM-methylcellulose 
medium (1.2% w/v methylcellulose in EBM medium without supplements). Approximately 
100 drops were created for each condition (si_ctrl/si_DL). 24 h later, spheroids were 
transferred to a collagen matrix. The collagen mix was prepared for all samples, so that the 
pH is the same for every condition. Collagen is mixed with 10% 10x M199 medium. 
Methylcellulose-FCS (20% FCS, 80% EBM-methylcellulose medium) was prepared. Spheroids 
were harvested in 1x PBS and centrifuged for 3 min with 500 g. The supernatant is removed. 
2.6 ml methylcellulose-FCS were added to the spheroids. The sample for every condition 
(si_ctrl/si_DL) was split between two reaction tubes. Spheroids in one of the two reaction 
tubes were stimulated with 0.05 mg/ml VEGF-A protein. The collagen medium mix was then 
neutralized until the indicator turned from orange to pink. 1.3 ml collagen mix were added to 
each spheroid sample. Samples were transferred immediately into the inner wells of a 24 well 
plate (4 wells per sample) without producing air bubbles and incubated for 24 h at 37°C, 
5% CO2, 21% O2. Outer wells of the 24 well plate were previously filled with 1x PBS to 
prevent draining of the spheroids. 24 h later, spheroids and their sprouts were photographed 
using an Axiovert 200 microscope (10x objective). At least 10 spheroids per condition were 
analyzed using Image J software. The spheroids were not allowed to be too close to each 
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other or to the edge of the well to be evaluated. Analysis was performed as a blind study by S. 




Figure 8-1: Spheroid sprouting assay workflow. The experiment workflow is explained in the blue 
boxes. The left picture shows a HUVEC monolayer in 2D culture. The middle picture is showing 
hanging drop cultures, which are created to build the HUVEC spheroids. The right picture shows 





Table 9-1: Abbreviations. 
Abbreviation Explanation 
3’ 3’ OH end 
5’ 5’ phosphate end 
A3SS alternative 3’ splice site 
A5SS alternative 5’ splice site 
AS alternative splicing 
AS-NMD alternative splicing coupled to nonsense-
mediated decay 
bp base pair 
CE cassette exon 
CTRL control 
circRNA circular RNA 
dH2O distilled water 
Da Dalton 
DM myotonic dystrophy 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
dNTP deoxynucleoside triphosphate 
E. coli Escherichia coli 
FCS fetal calf serum 
FDR false discovery rate 
fwd forward 
gDNA genomic DNA 
GO gene ontology 
h hour 
hEGF human epidermal growth factor 
HIF hypoxia inducible factor 
hnRNP heterogenous nuclear ribonucleoprotein 
HRE HIF-responsive element 
IRES internal ribosome entry site 
LB lysogeny broth 
lncRNA long non-coding RNA 
MBNL muscleblind-like 
min minute 
miRNA micro RNA 
mORF main open reading frame 
MQ Milli-Q 
mRNA messenger RNA 
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MXE mutually exclusive exon 
n.d. not detectable 
NLS nuclear localization signal 
NMD nonsense-mediated decay 
nt nucleotide 
ori origin of replication 
padj adjusted P value 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PSI percent spliced-in 
PTC premature termination codon 
P value probability value 
qPCR quantitative PCR 
RBP RNA-binding protein 
rel. relative 
rev reverse 
rHRE ribosomal HIF-responsive element 
RI retained intron 
RIP RNA-binding protein immunoprecipitation 
RNA ribonucleic acid 
RNAi RNA interference 
RRM RNA recognition motif 
rRNA ribosomal RNA 
RT real time 
RT reverse transcriptase 
RT room temperature 
s second 
SF splicing factor 
siCTRL nonsilencing control siRNA 
siRNA short interfering RNA 
snoRNA small nucleolar RNA 
snRNA small nuclear RNA 
snRNP small nuclear ribonucleoprotein 
SR serine and arginine-rich 
SS splice site 
TPM transcripts per million 
tRNA transfer RNA 
uORF upstream open reading frame 
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11 Supplementary Figures 
 
Figure 11-1: GO analyses of differentially expressed genes under hypoxia. As expected, hypoxia 




Figure 11-2: GO analyses of differentially expressed genes after MBNL2 knockdown. No GO terms 
were significantly induced after MBNL2 knockdown.  
 
 
Table 11-1: Aligned MBNL2 sequences. CLUSTAL Omega (1.2.4) multiple sequence alignment was 
used to create sequence alignment. Alignment was manually modified to increase clarity. Exon 5 
is marked in blue, exon 8 is marked in yellow. Stop codons are indicated in grey. 
MBNL2-39      ATGGCTTTGAACGTTGCCCCAGTCAGAGATACAAAATGGCTGACATTAGAAGTCTGCAGA 60 
MBNL2-41      ATGGCTTTGAACGTTGCCCCAGTCAGAGATACAAAATGGCTGACATTAGAAGTCTGCAGA 60 
MBNL2-38      ATGGCTTTGAACGTTGCCCCAGTCAGAGATACAAAATGGCTGACATTAGAAGTCTGCAGA 60 
MBNL2-40      ATGGCTTTGAACGTTGCCCCAGTCAGAGATACAAAATGGCTGACATTAGAAGTCTGCAGA 60 
        ************************************************************ 
 
 
MBNL2-39      CAGTTTCAAAGAGGAACATGCTCACGCTCTGATGAAGAATGCAAATTTGCTCATCCCCCC 120 
MBNL2-41      CAGTTTCAAAGAGGAACATGCTCACGCTCTGATGAAGAATGCAAATTTGCTCATCCCCCC 120 
MBNL2-38      CAGTTTCAAAGAGGAACATGCTCACGCTCTGATGAAGAATGCAAATTTGCTCATCCCCCC 120 
MBNL2-40      CAGTTTCAAAGAGGAACATGCTCACGCTCTGATGAAGAATGCAAATTTGCTCATCCCCCC 120 





MBNL2-39      AAAAGTTGTCAGGTTGAAAATGGAAGAGTAATTGCCTGCTTTGATTCCCTAAAGGGCCGT 180 
MBNL2-41      AAAAGTTGTCAGGTTGAAAATGGAAGAGTAATTGCCTGCTTTGATTCCCTAAAGGGCCGT 180 
MBNL2-38      AAAAGTTGTCAGGTTGAAAATGGAAGAGTAATTGCCTGCTTTGATTCCCTAAAGGGCCGT 180 
MBNL2-40      AAAAGTTGTCAGGTTGAAAATGGAAGAGTAATTGCCTGCTTTGATTCCCTAAAGGGCCGT 180 
              ************************************************************ 
 
 
MBNL2-39      TGTTCGAGAGAGAACTGCAAGTATCTTCACCCTCCGACACACTTAAAAACTCAACTAGAA 240 
MBNL2-41      TGTTCGAGAGAGAACTGCAAGTATCTTCACCCTCCGACACACTTAAAAACTCAACTAGAA 240 
MBNL2-38      TGTTCGAGAGAGAACTGCAAGTATCTTCACCCTCCGACACACTTAAAAACTCAACTAGAA 240 
MBNL2-40      TGTTCGAGAGAGAACTGCAAGTATCTTCACCCTCCGACACACTTAAAAACTCAACTAGAA 240 
        ************************************************************ 
 
 
MBNL2-39      ATTAATGGAAGGAACAATTTGATTCAGCAAAAAACTGCAGCAGCAATGCTTGCCCAGCAG 300 
MBNL2-41      ATTAATGGAAGGAACAATTTGATTCAGCAAAAAACTGCAGCAGCAATGCTTGCCCAGCAG 300 
MBNL2-38      ATTAATGGAAGGAACAATTTGATTCAGCAAAAAACTGCAGCAGCAATGCTTGCCCAGCAG 300 
MBNL2-40      ATTAATGGAAGGAACAATTTGATTCAGCAAAAAACTGCAGCAGCAATGCTTGCCCAGCAG 300 
        ************************************************************ 
 
 
MBNL2-39      ATGCAATTTATGTTTCCAGGAACACCACTTCATCCAGTGCCCACTTTCCCTGTAGGTCCC 360 
MBNL2-41      ATGCAATTTATGTTTCCAGGAACACCACTTCATCCAGTGCCCACTTTCCCTGTAGGTCCC 360 
MBNL2-38      ATGCAATTTATGTTTCCAGGAACACCACTTCATCCAGTGCCCACTTTCCCTGTAGGTCCC 360 
MBNL2-40      ATGCAATTTATGTTTCCAGGAACACCACTTCATCCAGTGCCCACTTTCCCTGTAGGTCCC 360 
              ************************************************************ 
 
 
MBNL2-39      GCGATAGGGACAAATACGGCTATTAGCTTTGCTCCTTACCTAGCACCTGTAACCCCTGGA 420 
MBNL2-41      GCGATAGGGACAAATACGGCTATTAGCTTTGCTCCTTACCTAGCACCTGTAACCCCTGGA 420 
MBNL2-38      GCGATAGGGACAAATACGGCTATTAGCTTTGCTCCTTACCTAGCACCTGTAACCCCTGGA 420 
MBNL2-40      GCGATAGGGACAAATACGGCTATTAGCTTTGCTCCTTACCTAGCACCTGTAACCCCTGGA 420 
              ************************************************************ 
 
 
MBNL2-39      GTTGGGTTGGTCCCAACGGAAATTCTGCCCACCACGCCTGTTATTGTTCCCGGAAGTCCA 480 
MBNL2-41      GTTGGGTTGGTCCCAACGGAAATTCTGCCCACCACGCCTGTTATTGTTCCCGGAAGTCCA 480 
MBNL2-38      GTTGGGTTGGTCCCAACGGAAATTCTGCCCACCACGCCTGTTATTGTTCCCGGAAGTCCA 480 
MBNL2-40      GTTGGGTTGGTCCCAACGGAAATTCTGCCCACCACGCCTGTTATTGTTCCCGGAAGTCCA 480 
              ************************************************************ 
 
 
MBNL2-39      CCGGTCACTGTCCCGGGCTCAACTGCAACTCAGAAACTTCTCAGGACTGACAAACTGGAG 540 
MBNL2-41      CCGGTCACTGTCCCGGGCTCAACTGCAACTCAGAAACTTCTCAGGACTGACAAACTGGAG 540 
MBNL2-38      CCGGTCACTGTCCCGGGCTCAACTGCAACTCAGAAACTTCTCAGGACTGACAAACTGGAG 540 
MBNL2-40      CCGGTCACTGTCCCGGGCTCAACTGCAACTCAGAAACTTCTCAGGACTGACAAACTGGAG 540 
              ************************************************************ 
 
 
MBNL2-39      GTATGCAGGGAGTTCCAGCGAGGAAACTGTGCCCGGGGAGAGACCGACTGCCGCTTTGCA 600 
MBNL2-41      GTATGCAGGGAGTTCCAGCGAGGAAACTGTGCCCGGGGAGAGACCGACTGCCGCTTTGCA 600 
MBNL2-38      GTATGCAGGGAGTTCCAGCGAGGAAACTGTGCCCGGGGAGAGACCGACTGCCGCTTTGCA 600 
MBNL2-40      GTATGCAGGGAGTTCCAGCGAGGAAACTGTGCCCGGGGAGAGACCGACTGCCGCTTTGCA 600 
              ************************************************************ 
 
 
MBNL2-39      CACCCCGCAGACAGCACCATGATCGACACAAGTGACAACACCGTAACCGTTTGTATGGAT 660 
MBNL2-41      CACCCCGCAGACAGCACCATGATCGACACAAGTGACAACACCGTAACCGTTTGTATGGAT 660 
MBNL2-38      CACCCCGCAGACAGCACCATGATCGACACAAGTGACAACACCGTAACCGTTTGTATGGAT 660 
MBNL2-40      CACCCCGCAGACAGCACCATGATCGACACAAGTGACAACACCGTAACCGTTTGTATGGAT 660 









MBNL2-39      TACATAAAGGGGCGTTGCATGAGGGAGAAATGCAAATATTTTCACCCTCCTGCACACTTG 720 
MBNL2-41      TACATAAAGGGGCGTTGCATGAGGGAGAAATGCAAATATTTTCACCCTCCTGCACACTTG 720 
MBNL2-38      TACATAAAGGGGCGTTGCATGAGGGAGAAATGCAAATATTTTCACCCTCCTGCACACTTG 720 
MBNL2-40      TACATAAAGGGGCGTTGCATGAGGGAGAAATGCAAATATTTTCACCCTCCTGCACACTTG 720 
              ************************************************************ 
 
 
MBNL2-39      CAGGCCAAAATCAAAGCTGCGCAGCACCAAGCCAACCAAGCTGCGGTGGCCGCCCAGGCA 780 
MBNL2-41      CAGGCCAAAATCAAAGCTGCGCAGCACCAAGCCAACCAAGCTGCGGTGGCCGCCCAGGCA 780 
MBNL2-38      CAGGCCAAAATCAAAGCTGCGCAGCACCAAGCCAACCAAGCTGCGGTGGCCGCCCAGGCA 780 
MBNL2-40      CAGGCCAAAATCAAAGCTGCGCAGCACCAAGCCAACCAAGCTGCGGTGGCCGCCCAGGCA 780 
              ************************************************************ 
 
 
MBNL2-39      GCCGCGGCCGCGGCCACAGTCA-------------------------------------- 802 
MBNL2-41      GCCGCGGCCGCGGCCACAGTCATGACTCAGTCGACTGCCAAAGCAATGAAGCGACCTCTC 840 
MBNL2-38      GCCGCGGCCGCGGCCACAGTCA-------------------------------------- 802 
MBNL2-40      GCCGCGGCCGCGGCCACAGTCATGACTCAGTCGACTGCCAAAGCAATGAAGCGACCTCTC 840 
              **********************                                         
 
 
MBNL2-39      ----------------TGGCCTTTCCCCCTGGTGCTCTTCATCCTTTACCAAAGAGACAA 846 
MBNL2-41      GAAGCAACTGTAGACCTGGCCTTTCCCCCTGGTGCTCTTCATCCTTTACCAAAGAGACAA 900 
MBNL2-38      ----------------TGGCCTTTCCCCCTGGTGCTCTTCATCCTTTACCAAAGAGACAA 846 
MBNL2-40      GAAGCAACTGTAGACCTGGCCTTTCCCCCTGGTGCTCTTCATCCTTTACCAAAGAGACAA 900 
                              ******************************************** 
 
 
MBNL2-39      GCACTTGAAAAAAGCAATGGTACCAGCGCGGTCTTTAACCCCAGCGTCTTGCACTACCAG 906 
MBNL2-41      GCACTTGAAAAAAGCAATGGTACCAGCGCGGTCTTTAACCCCAGCGTCTTGCACTACCAG 960 
MBNL2-38      GCACTTGAAAAAAGCAATGGTACCAGCGCGGTCTTTAACCCCAGCGTCTTGCACTACCAG 906 
MBNL2-40      GCACTTGAAAAAAGCAATGGTACCAGCGCGGTCTTTAACCCCAGCGTCTTGCACTACCAG 960 
              ************************************************************ 
 
 
MBNL2-39      CAGGCTCTCACCAGCGCACAGTTGCAGCAACACGCCGCGTTCATTCCAACAG-------- 958 
MBNL2-41      CAGGCTCTCACCAGCGCACAGTTGCAGCAACACGCCGCGTTCATTCCAACAG-------- 1012 
MBNL2-38      CAGGCTCTCACCAGCGCACAGTTGCAGCAACACGCCGCGTTCATTCCAACAGTACCCATG 966 
MBNL2-40      CAGGCTCTCACCAGCGCACAGTTGCAGCAACACGCCGCGTTCATTCCAACAGTACCCATG 1020 
              ****************************************************         
 
 
MBNL2-39  ------------------------------------------------------------ 958 
MBNL2-41  ------------------------------------------------------------ 1012 
MBNL2-38      ATGCACAGCGCTACGTCCGCCACTGTCTCTGCAGCAACAACTCCTGCAACAAGTGTCCCC 1026 




MBNL2-39  ---------------------------ATAATTCTGAAATAATCAGCAGAAACGGAATGG 991 
MBNL2-41  ---------------------------ATAATTCTGAAATAATCAGCAGAAACGGAATGG 1045 
MBNL2-38      TTCGCAGCAACAGCCACAGCCAATCAGATAATTCTGAAATAA    1068 
MBNL2-40      TTCGCAGCAACAGCCACAGCCAATCAGATAATTCTGAAATAA    1122 
         *************** 
 
 
MBNL2-39      AATGCCAAGAATCTGCATTGAGAATAACTAAACATTGTTACTGTACATACTATCCTGTTT 1051 
MBNL2-41      AATGCCAAGAATCTGCATTGAGAATAACTAAACATTGTTACTGTACATACTATCCTGTTT 1105 
 
 
MBNL2-39      CCTCCTCAATAGAATTGCCACAAACTGCATGCTAA     1086 









Figure 11-3: pDL plasmid map. The plasmid contains the coding sequence of the ß-lactamase 
[Amp(R)], firefly luciferase (luc2) and Renilla luciferase (hRluc) with CMV promoters (Minimal 
CMV Promoter 1/2) and an enhancer element (Enhancer). The restriction sites for BamHI and 
MluI were used for restriction cloning of 5’ UTRs. NotI and HindIII or SalI were used for 








Figure 11-4: pCMV plasmid map. The plasmid contains the coding sequence of the ß-lactamase 
[Amp(R)] and a CMV promoter (Minimal CMV Promoter 1/2). XhoI and XbaI restriction sites 
were used for restriction cloning. Figure was created using SnapGene. 
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